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ABSTRACT 
The recent introduction and development of the thermoluminescent (T. L. ) 
phosphor material LiF: Mg, Cu, P (usually named TLD100H or GR200A) has aroused 
intense interest of scientists in the field of radiation dosimetry due to its very favourable 
dosimetric characteristics. Both conventional LiF: Mg, Ti (TLDI00) and LiF: Mg, Cu, P 
T. L. phosphors are tissue-equivalent but GR200A outperforms in respect of its very 
much higher sensitivity, by a factor of greater than 25, and a dose detection threshold of 
less than 1 µGy. 
A reproducible readout and annealing regime was developed in the initial part of 
this study with the newly installed automatic TLD (Thermoluminescence Dosimetry) 
apparatus in the X-ray and Radiation Physics Laboratories of the Hong Kong 
Polytechnic University. Basic dosimetric characteristics of this T. L. dosemeter (supplied 
by Harshaw-Bicron Co. ) were then investigated. This paved the foundation for 
subsequent selected novel application studies in diagnostic radiology. Dosimetric 
characteristics which included linearity, reproducibility, batch uniformity, energy 
response, and minimum detectable dose were studied using X-rays in the commonly used 
diagnostic radiology energy range. Favourable dosimetric characteristics were observed 
from this T. L. phosphor, which agrees well with published studies. The effect of the 
number of thermal treatment cycles in the initialisation process on dosimetric properties 
of this T. L. phosphor was also investigated. 
This study exploits the favourable dosimetric properties of these T. L. dosemeters 
in some selected novel dosimetric applications in diagnostic radiology with an 
ABSTRACT & CONTENT 
anthropomorphic phantom using facilities both in these laboratories and also in radiology 
departments of various district hospitals in Hong Kong. Radiation absorbed dose from 
the direct or scattered beam, at critical sites inside and on the surface of the phantom, 
were measured in these radiological studies. The special focus in some of these studies 
was to evaluate the potential of this T. L. phosphor in the measurement of the very low 
level doses received by remote critical radiosensitive organs such as the gonads and 
thyroid gland from scattered X-ray photons. The use of conventional LiF: Mg, Ti T. L. 
dosemeters for these low level dose measurements is not always feasible. 
The applications studied in radiological procedures included: dose reduction in 
lumbar spine radiography utilizing the `anode heel effect'; gonad dose variation with 
kVp in chest radiography; foetal dose comparison between computed tomography (CT) 
and computed radiography (CR) in X-ray pelvimetry; lens dose reduction with bismuth 
eye shields in CT brain studies; foetal dose assessment of early pregnancy in common 
high risk radiological examinations. 
It is anticipated that the unique and favourable dosimetric performance of 
LiF: Mg, Cu, P T. L. phosphor will be exploited further in measurements of low level dose 
received by patients and staff in diagnostic radiological procedures such as paediatric X- 
rays and interventional fluoroscopic examinations. 
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CHAPTER 1 INTRODUCTION 
1.1 Background of Collaborative Study 
This was a postgraduate research study registered in the collaborative mode at the 
Physics Department of the University of Surrey with the main work carried out at the 
Department of Optometry and Radiography of the Hong Kong Polytechnic University 
where I have been employed as the assistant professor teaching the B. Sc. (Hons) 
Radiography course. 
My initial interest in the field of thermoluminescent dosimetry (TLD) was gained 
during a certificate training course in radiation protection in diagnostic radiography 
organised by the Ipswich School of Radiography and the College of Radiography (U. K. ) 
at Felixstowe in 1984, during which detail hands-on experience with some TLD 
experiments was achieved. 
My interest and experience in the field of TLD grew during the time for my study 
for the M. Sc. in Radiation and Environmental Protection in the Physics Department of 
the University of Surrey in 1988. During the Spring Term a major project was performed 
on TLD work to evaluate the dosimetric properties of a T. L. phosphor material. Dr. W. B. 
Gilboy was my project supervisor as well as the M. Sc. course co-ordinator. This laid the 
foundation for my TLD research in the following years. 
During the period between 1991 and 1993, an intensive TLD research project 
with the Rando phantom and X-ray units was carried out at the School of Medical 
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Radiation Technology of the University of Sydney where I worked as a lecturer in 
diagnostic radiography. The project was on patient dose comparison with the use of 
different X-ray generator types in diagnostic radiological exposures and the results were 
published in the "Radiologic Technology", which is a refereed American radiography 
journal (Fung 1995). Further encouragement came when my work was referenced in a 
worldwide popular textbook in radiologic science (Bushong 1997, p. 541). 
The real opportunity came in 1995 when my participation helped to gain a major 
equipment grant for my department to allow the purchasing of a new TLD system to 
replace the existing one (Kyoto Co. Japan) which was more than ten years old at that 
time. An automatic TLD system (Rialto, NE Technology, U. K. ) was then installed. 
Immediately after a period of sponsored TLD training at NE Technology (Beenham, 
U. K. ), this research study proposal was presented to Dr. Gilboy who accepted it and 
recommended registration at the University of Surrey by the collaborative mode of study 
with the main work being carried out at my institution. The study was to investigate the 
dosimetric properties of the high sensitivity form of LiF T. L. phosphor and to evaluate 
its applications in diagnostic radiology. 
The T. L. phosphor LiF: Mg, Ti has been the best well established material for 
medical dosimetry over the past thirty years since its introduction in 1963 (McKeever 
1995, p. 45). It possesses very favourable dosimetric properties such as its tissue 
equivalence (average atomic number similar to human tissues, hence a true record for 
real tissue dose for energetic photons), linear energy response for a wide energy range 
of gamma and X-rays, negligible fading over lengthy periods, reasonable radiation 
sensitivity and relatively low minimum radiation detection level. These LiF: Mg, Ti T. L. 
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dosemeters have gained wide application in medical dosimetry. These T. L. dosemeters 
are available in small solid chip/disc forms, conveniently placed on patients or inside 
phantoms for dose measurements either under direct or scattered radiation beams (Kron 
1999; McKeever 1995 p. 45- 55; McKinlay 1981 p. 32- 27,82- 88). 
In recent years, the development of the high sensitivity LiF: Mg, Cu, P T. L. 
dosernlers has emerged to attract the attention of the large community engaged in TLD 
research. LiF: Mg, Cu, P T. L. phosphor differs from the conventional LiF: Mg, Ti in 
respect of the doping materials. This will be discussed in more detail later in the next 
chapter. This high sensitivity phosphor has been claimed to have 30-40 times increase 
in light output per unit dose compared to LiF: Mg, Ti. (Wang, et al. 1986; Zha 1993; 
McKeever 1995 p. 55-60). The tissue equivalence and its high sensitivity make 
LiF: Mg, Cu, P phosphor very attractive in diagnostic radiological dosimetric 
applications (Kron 1994). 
LiF: Mg, Cu, P T. L. phosphor in powder form was first introduced by Nakajima, 
et al. (1978). Several authors studied and modified its characteristics (Chandra, et al. 
4 
1982; DeWerd et al. 198`; Wu, et al. 1984). Wang, et al. (1986) developed a special 
technology to prepare the phosphor in solid chip form which makes possible radiation 
monitoring on a large scale. This phosphor has recently become commercially 
available. 
In the past decade, there has been a rapid increase in research activities and 
publications related to the T. L. performance of this phosphor and the evaluation of its 
suitability for low level dose measurements in personal, patient and environmental 
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applications (Jones, et al. 1989; Wu, et al. 1990; Ranogajec- Komor, et al. 1993; Fill, 
et al. 1998; Säez- Vergara, et al. 1999a & 1999b; Duggan, et al. 1999b; Ginjaume, et 
al. 1999; Perry, et al. 1999) 
However, despite the tremendous effort from various workers, the dosimetric 
properties reported by various authors still vary substantially. For example, the detection 
threshold was claimed between 65 nGy to 1 µGy, the T. L. sensitivity relative to 
LiF: Mg. Ti ranged from 23 to 44 and there were also variations in the position of the 
major dosimetric temperature peak, linearity and energy response (Horowitz and 
Horowitz 1990; Bacci et al. 1993; Zha et al. 1993; Harris et al. 1997; Fill and Regulla 
1998; Moscovitch 1999). 
Previous studies have also shown that LiF: Mg, Cu, P phosphor is very vulnerable 
to thermal treatment and many physical parameters, such as heating and cooling rate, 
readout and annealing temperatures which could greatly affect the dosimetric 
performance of LiF: Mg, Cu, P. Residual dose in the phosphor after readout has also been 
a major problem for dosimetric work. Bacci, et al. (1993) tried to identify the optimal 
annealing cycle for LiF: Mg. Cu, P, and Pradhan (1995) did detailed experiments on the 
effect of heating rate on the T. L. response. These thermal effects are reviewed in detail 
later in chapter four. There are still no conclusive answers yet as to the best measuring 
regime (protocol) for this T. L. phosphor. Kron (1999) in his concluding remarks from an 
invited paper on "Applications of TLD in medicine", claims that LiF: Mg, Cu, P T. L. 
phosphor can still be optimised and has the potential to broaden the application base in 
medical dosimetry. 
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From the literature, this relatively new T. L. phosphor material LiF: Mg, Cu, P 
shows very favourable dosimetric characteristics with great potential applications for low 
level dose measurements in the field of diagnostic radiology which is the area of interest 
in this study. Being fascinated by the high potential of this phosphor, for which 
optimisation experiments could still be extended, using the new TLD system installed at 
HKPU, it was decided to propose this study. The main aims were to investigate its 
dosimetric characteristics and to design some novel dosimetric applications of this 
material in diagnostic radiological procedures using an anthropomorphic (Rando) 
phantom in the X-ray laboratories of my institution and at radiology departments of 
various district hospitals. The latter possess appropriate specialised facilities such as 
fluoroscopy, computed radiography (CR) and computed tomography (CT) units. This 
was the background leading to the results in this thesis after several years of research in 
this field. 
1.2. Main Aims of this Thesis 
A. Research on Physical Aspects 
1. To establish from glow curve studies a reliable, reproducible and efficient 
readout and annealing regime for LiF: Mg, Cu, P T. L. phosphor with the newly 
installed automatic Rialto T. L. Reader and accessories at the Radiation and X-ray 
laboratories of HKPU. This will lay the foundation for later novel applications in 
selected diagnostic radiological studies. 
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2. To determine the effect of the number of thermal treatment cycles for 
initialisation on dosimetric performance of LiF: Mg, Cu, P T. L. phosphors. 
3. To determine the essential dosimetric characteristics of LiF: Mg, Cu, P T. L. 
phosphor including linearity, reproducibility, batch uniformity, energy response 
and minimum detectable dose with X-rays of energy range commonly used in 
diagnostic radiology. 
B. Research on Selected Novel Applications in Diagnostic Radiology 
1. To evaluate the performance of LiF: Mg, Cu, P T. L. phosphor in the measurement 
of very low level doses received by critical tissues/organs of patients caused by 
scattered radiation during selected diagnostic radiological procedures using 
phantom simulation. 
2. To evaluate the performance of LiF: Mg, Cu, P T. L. phosphor in the measurement 
of doses received by critical tissues/organs of patient from the direct X-ray bean: 
in selected diagnostic radiological procedures using phantoms. 
1.3.1 Layout of the Thesis 
The following briefly describes the layout of the content of this thesis. The next 
chapter gives a literature review on the basic theory of TLD. Previous studies on the 
functions of the various dopants which account for the high sensitivity of LiF: Mg, Cu, P 
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T. L. phosphors are reviewed. The common applications of LiF T. L. dosemeters in 
medicine, the importance of their tissue equivalence and the value of medical dosimetric 
work with anthropomorphic phantoms are also discussed. 
Chapter three gives the outline of equipment and materials used in this study and 
an indication of the performance specifications with particular emphasis on the automatic 
T. L. reader system. A particular section at the end deals with sources of errors in TLD 
work and the methods used for the estimation of both random and systemic errors. 
Chapter four deals with the development of establishing a reliable, reproducible 
and efficient readout and annealing regime suitable for this LiF: Mg, Cu, P T. L. phosphor 
from glow curve studies so that novel dosimetric applications studies in diagnostic 
radiology with phantoms could be adopted with confidence. The problem of high 
residual dose after first readout was tackled by appropriate technique. This is followed 
by description in depth of the various experiments performed to evaluate some basic 
dosimetric performance characteristics of the new commercial versions (TLD 100H or 
GR200A) of this T. L. phosphor, which included linearity, reproducibility, batch 
uniformity, energy response and minimum detectable dose. The effect of the number of 
thermal treatment cycles for the initialisation process on dosimetric properties of this 
T. L. phosphors was also investigated. The results of all the above are fully analysed and 
discussed. 
Chapter five describes the first application study in diagnostic radiology. The 
influence of the "anode heel effect" of the X-ray beam on patient doses was investigated 
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in lumbar spine radiography. Significant dose reduction in the ovary was demonstrated 
with the X-ray tube orientated with its anode side placed towards the feet of the patient. 
Chapter six deals with the second selected radiological examination, which 
investigated gonad dose variations with kVp in chest radiography. The gonad doses from 
chest projections with variations of X-ray beam peak voltage (kVp) were measured. From 
a patient dose perspective, this study demonstrated that the high kVp technique despite its 
popularity and growing usage, delivers significantly higher effective and gonad doses to 
patients than the low kVp technique and is therefore not recommended in routine chest 
X-ray examinations. 
Chapter seven proceeds to the third application investigation, which compares 
radiation dose to the foetus in pelvimetry examination by computed tomography (CT) 
and computed radiography (CR) methods. Both of these new digital techniques are 
expected to deliver a lower foetal dose in pelvimetry than the conventional radiography 
method. This novel study demonstrated that CT pelvimetry was the technique of choice 
since this delivers the lower foetal dose. 
Chapter eight deals with the fourth application study which was to evaluate the 
eye dose reduction in CT of the brain with the use of special bismuth eye shields. Results 
showed that there was a significant reduction of eye dose with these eye shields applied 
but results in a slight change in CT number of the brain tissues in the region behind the 
shielded orbits and the appearance of streak artifacts beneath the shields. 
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Chapter nine describes the final dosimetric study which was performed in a local 
radiology centre to measure the foetal dose in early pregnancy received from high risk 
radiological examinations of abdominal regions which are expected to deliver a high 
foetal (uterine) dose to early pregnant patients. Examinations investigated included CT 
of the pelvis and abdomen, lumbar spine radiography, intravenous urogra p by and 
barium enema fluoroscopy. The results have now been utilised by the radiology 
department of a local distinct hospital to set up special guidelines to handle X-ray 
requests of high-risk radiological examinations from female patients of reproductive age. 
Chapter ten includes the conclusions and recommendations from the work done. 
The very favourable dosimetric characteristics of LiF: Mg, Cu, P T. L. phosphor have been 
verified by experiments and its role in dosimetric applications, particularly on low level 
dose detection of patients in diagnostic radiology has been well demonstrated by selected 
novel studies. Suggestions on further improvement to the readout and annealing 
technique are made. Recommendations from the results in selected clinical applications 
on patient dose reduction are also summarised. Potential future applications of this T. L. 
material in patient and staff dose measurements are also included. 
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CHAPTER 2 LITERATURE REVIEW ON THEORY OF TLD 
2.1. Overview of TLD 
Thermoluminescence (T. L. ) is a phenomenon whereby a material after irradiation 
by ionising radiation emits light upon heating to a moderate temperature (Shani 1991, 
p. 63). This is a widespread phenomenon. Of several thousands known natural minerals, 
over two thirds are known to exhibit T. L. Thermoluminescence was first described by 
Robert Boyle in 1663 as a "glimmering light" which he observed from heating a 
diamond in the dark (by holding it against his naked body! ) (McKinlay 1981, p. 5). 
Ionising radiation causes excitement of electrons that are trapped in the forbidden energy 
gap at lattice imperfections in the T. L. crystal. Applying heat releases these electrons, 
allowing them to recombine with de-trapped holes, emitting the energy difference as 
visible light. The luminescence intensity is measured with a photomultiplier tube (PMT) 
in a T. L. reader system. The original radiation dose received by the T. L. crystal is 
proportional to the integrated PMT anode current generated by the T. L. light. This is the 
t 
basis of the radiation detection method in TLD (Merldith and Massey 1977, p. 94-95). 
The history of TLD commences in the same year as the discovery of X-rays in 
1895, (Kron 1999). Kron (1994,1995) in two review articles comments that TLD has 
now become an established versatile tool for assessment of ionising radiation. The 
variety of materials and their different physical forms allow the determination of 
different radiation qualities over a wide range of absorbed dose. This makes T. L. 
dosemeters useful in radiation protection and some diagnostic x-ray examinations where 
dose levels of µGy are monitored as well as in radiotherapy where doses up to several 
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Gray are to be measured. T. L. dosemeters offer many advantages, such as small detector 
size, no power supply required during measurements, and close tissue equivalence. 
These features make it useful for a variety of applications in both diagnostic radiology 
and radiotherapy dose measurements made on or inside patients, and in anthropomorphic 
phantom dose measurement simulations. 
2.2 A Theoretical Model for T. L. Mechanism 
Some published research in TLD over the past two decades proposed several 
basic theoretical model for the general T. L. mechanism at different levels of complexity 
(McKinlay 1981, p. 10-17; McKeever et al. 1995 p. 12-28; Horowitz 1984, p. 3-9; Chen 
and McKeever 1997, p. 17-66; Shani 1991, p. 63-67; Merldith and Massey 1977, p. 92-95; 
Nakajima in Mahesh 1985, p. 156-162; Mahesh 1989, p. 43-83; Kron 1994). A simple 
model and other TLD basic theories described in this and the following sections have 
been extracted from relevant chapters or sections in the literature cited above. 
In a perfect inorganic crystal insulator, the outer atomic electronic energy levels 
are broadened into a series of energy continuums forming `allowed' energy bands 
separated by `forbidden' energy regions, sometimes called band gaps. The outermost 
band is the valence band, which is completely filled, is separated by several electron 
volts from the next, completely empty, conduction band. The presence of lattice defects 
or impurities give rise to further discrete local energy levels in the forbidden regions 
between the valence and conduction bands. It is these discrete energy states that form 
electron (or hole) trapping centres. On subsequent heating trapped electrons and holes 
can be released by thermal energy and when these recombine in luminescent 
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recombination centres visible light is emitted. The thermoluminescence intensity is 
proportional to the population of trapped charges and hence is some measure of the 
radiation dose received by the material. 
Cyrstal Imperfection 
Crystal imperfections that serve as trapping centres may be divided into 3 categories: 
a) thermal or intrinsic defects 
b) extrinsic defects (or substitutional impurity ions) 
c) radiation-induced defects 
A typical example for illustration is to take the ionic structure of an imperfect 
crystal of an alkali halide material. Defects occur naturally even in a pure crystal 
structure. A negative ion vacancy is essentially a region of excess positive charge (a 
potential trap for a free electron). Similarly a region of excess negative charge will be a 
potential trap for free positive charge carriers (holes). 
For intrinsic defects, the higher the temperature of the lattice, the greater is the 
number of defects. However, when the phosphor is quenched rapidly from a high to a 
low temperature, then it is possible effectively to `freeze in' the number of defects 
appropriate to that higher temperature. 
For a substitutional impurity defect, a divalent positive ion impurity substituting 
for an alkaline ion, creates a positive ion vacancy. Since a cation vacancy constitutes 
local negative charge excess and the divalent cation impurity causes a local positive 
charge excess, the Coulombic attraction between the 2 vacancies forms a vacancy 
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irrt/un ül cont/tlex with the property ol'a charged dipole. Most clutiinutric crý, stalk contain 
about 101`, traps per Cnl;. This number of' traps can be produced n\ aI parts her 
million of impurities or lattice inmperfections. hie most common radiation induced defect 
in the alkaline halide is the Fccrrnc which is a halo_ýrn ion vacancy that traps an 
electron. 
2.3 Mechanism For-'I'hcrmoluminescenrc 
"This is illustrated in Fing. 2. I&2.2. Ionisation cxcites an electron out of the 
valence band (VR) to the conduction band (('13) leaving a vacancy in the tilled hand 
called a positive hole. The electron and the hole are free to wander independently 
through their respective bands, The electrons in the Cß may then he trapped at energy 
states in the forbidden band (Fß) caused by detects. Iloles may also he trapped at hole 
centres. 
CONDUCTION BAND 
Electh Trap Elect 
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Fig. 2.1 Formation of electron- hole pair in T. L. material alter ionization 
excitation. 
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Fig. 2.2 Recombination of electron and hole at l-. 1.. recombination centre after 
heating, with emission of light signal. 
The trapped charges will remain semi-permanently in their traps provided that 
they do not acquire sufficient energy to escape. The probability of escape is determined 
by the depth of traps and the temperature of the material. When the T. L. material is 
heated to a moderately high temperature e. g. between 100 °C and 300 'C. the trapped 
electrons can acquire sufficient energy to escape into the CB, and light photons are 
emitted as they recombine with the holes in the recombina/ion luminescent centres of the 
material. 
The energy difference between an electron trap and the bottom of the conduction 
band is called the trap depth. Electrons in T. L. materials are usually trapped at several 
different trap depths. The electrons in the shallower energy traps escape more easily, so 
light is emitted over a wide range of temperatures, e. g. between 60 °C and 300 °C with 
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characteristic increases in intensity corresponding to diftcrcnt trap depths. I'hc graph of' 
light output with respect to temperature is called a gluºr-euere. ()ne t\ pical "10\\-curve 
of' I. il": Mýg, Ti T. L. phosphor from one of' the cxpcrin'Icnts described later is shown in 
Fig. 3. The amount of light emitted which is indicated by the area under the curve is 
proportional to the amount of radiation energy absorbed in the "1'. I,, phosphor, so that this 
phenomenon is potentially the basis ol'a method of'radiation dosinietry. 
Temp 
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i_ _ý_ LI Time (s) 
Fig. 3.3 A typical glow-curve of LiF: Mg. Ti with a fast heating rate of 25 'Cs-I 
(printout from plotter after an irradiated LiF: M(,, "I'i T. L. dosemeter was 
read by the Rialto T. L. Reader in this laboratory). 
2.4 T. L. Glow-curve 
The characteristic of a T. L. phosphor can be studied by the glow curve method, 
which was first proposed by Urbach in 1930, but first achieved extensive use due to 
Randall and Wilkins (1945a, 1945b). The method is as follow: - 
Ii 
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1. The phosphor is first excited by exposure to radiation at a low temperature. 
2. The phosphor is then heated at a constant rate of temperature rise and the traps 
begin to empty as the temperature increases. The resulting T. L. increases with 
temperature, and if there is only one trap depth, reaches a maximum at a 
characteristic peak temperature, and then decreases to zero as the traps are all 
emptied. 
A theoretical glow-curve for a phosphor with a single trap of a particular depth 
energy shows a single peak. If the trap distribution consists of various depths, each will 
give rise to a separate peak in the glow-curve. 
Mathematics For a Single Electron Trap Model (Randall & Wilkins, 1945 a& b) 
The probability (P) of release of a single electron from a single electron trap is given as: - 
P=S" exp (-E/kT) 
The exponential factor corresponds to the tail of the Maxwell-Boltzmann distribution 
S: frequency factor associated with the particular lattice defect 
E: energy of electron trap below the bottom of conduction band 
k: Boltzmann's constant 
T: absolute temperature of the material 
Rate of release of electron from trap is -dn/dt, 
-dn/dt =n"S" exp (-E/kT) 
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Assuming no electrons released from traps are retrapped (i. e. first order kinetics) and 
the intensity of T. L. glow after recombination is I, 
I= C- n" S"exp(-E/kT) 
C is a constant related to the luminescence efficiency of the material. 
The rate of photon emission, I, depends on the rate of release of electrons from traps 
and their rate of arrival at luminescence centres. Now assuming the T. L. material is 
heated at a constant rate the total light intensity I (the light sum), for n,, number of 
electrons in the traps at an initial temperature T. emitted when the material is heated 
from temperature To to T will be 
I= no " C- exp - [kT. 1/R .S- exp (-E/kT)dT] -S" exp (-E/kT) 
where R is the uniform heating rate dT/dt.. 
The plot of I against T is the glow-curve mentioned earlier on, which shows the 
variation of light emitted as the T. L. material is heated from To to T. 
The above expression assumes a single trap depth. In the real situation, there may be 
many different trap depths each of which will give rise to an associated glow peak 
maximum, which may or may not be resolved during readout. The area and peak height 
of each glow peak depends on the number of electrons present in the associated traps 
prior to readout.. 
The term second order kinetics is used to describe situations in which retrapping 
takes place, where the number of traps is comparable to, or more than the number of 
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luminescent centres. First order kinetics (i. e. no retrapping) is generally valid for many 
T. L. materials. 
2.5 Linearity and Supralinearity 
Linearity refers to the proportionality of T. L. signal response and the absorbed 
dose. Good linearity is a desirable dosimetric property of a T. L. dosemeter. 
Supralinearity is an effect for T. L. materials in which the total amount of light emitted 
(response) is not perfectly proportional to the absorbed dose and the response per Gray is 
greater at higher dose level, e. g. 103 Gys. This arises because higher exposure may create 
additional traps and hence making the material more sensitive to higher dose levels up to 
a dose saturation point (Ds) where any further additional dose may then cause response/ 
dose curve to drop due to radiation damage in the phosphor. An absorbed dose of about 
20% less than Ds is generally taken to be the practical upper absorbed dose limit of the 
phosphor. 
The detection threshold (minimum detectable dose) of a T. L. dosemeter is a function of 
the statistical variability of the background (no dose) signals obtained from a reasonably 
sized sample (say 50) of similar unirradiated dosemeters. It is usually defined as 2 or 3 
times the standard deviation of a set of such backgrounds. 
2.6 Annealing, Cooling and Fading 
All dosemeters should be annealed before and after use for the following reasons: - 
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a. To remove any residual signals from previous irradiation. 
b. To reset the sensitivity to a known value. 
c. To reduce fading of the stored signal after irradiation (i. e. post- irradiation 
anneal) 
There are two basic ways of annealing: - 
a. Reader anneal - usually for low dose measurements, e. g. less than a few cGy. 
b. External anneal - for high doses or long intervals before irradiation and readout. 
Different annealing temperatures and times for a T. L. material may change the 
properties of the material and hence change the shape of the glow-curve during readout 
after irradiation. 
The cooling rate immediately after annealing may also affect the response (light 
output) of T. L. materials. Some T. L. materials e. g. LiF: Mg, Ti are very much affected by 
the annealing and cooling rate while others may not be affected at all. Hence, for T. L. 
materials like LiF: Mg, Ti a fixed annealing and cooling regime should be applied in 
order to achieve consistent and accurate results. 
Fading in T. L. Materials 
Fading is the unintentional release of electrons in traps before readout. This may 
be due to the following effects: - 
1. Thermal fading - electrons in the low energy traps may escape at 
ambient temperature. 
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2. Optical fading - u/v or visible light photons may cause spurious T. L. 
signals in an unirradiated and irradiated T. L. materials, and this may 
cause loss and / or redistribution of the trapped dosimetric electrons by 
the process called photo- transfer. 
Potentially, high thermal fading is generally indicated by the presence of low 
temperature peaks. A pre- irradiation anneal, or a controlled cooling rate will reduce the 
relative magnitude of low temperature peaks or a post- irradiation anneal (preheat) 
either in an oven, or in the reader, can be used to fade intentionally any low temperature 
traps before the actual readout of the T. L. signals from the high temperature main 
dosimetric traps. 
2.7 Common TLD Materials 
There are more than 1000 different T. L. materials existing in Nature , however 
only a few of them are suitable for medical dosimetry. These include lithium fluoride 
(LiF), lithium borate (Li2B4O7) and beryllium oxide (BeO) as dosemeters with 
approximately tissue equivalent atomic number. Another group includes calcium 
sulphate (CaSO4) and aluminum oxide (A1203) with higher effective atomic numbers but 
generally better sensitivities. The importance of tissue equivalence of T. L. materials is 
discussed in section 2.10. Since most materials require doping for the creation of traps 
and luminescence centres the number of T. L. materials increases since different dopants 
can be used. Table 2.1 in Appendix A shows the TLD materials commonly used in 
medical applications and their characteristics. This table is a complilation of data from 
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various sources in the literature (McKinlay 1981, p. 56- 57; Kron 1994; McKeever 1995, 
p. 43- 202, Harshaw Bicron-NE 1998). 
2.8 Two Common Forms of LiF T. L. Dosemeters 
2.8.1 LiF: Mg, Ti Form 
In clinical dosimetry this form of lithium fluoride is the most commonly used 
T. L. material. It was first produced by Harshaw Chemical Company doped with 
impurities of magnesium (Mg 300 ppm) and titanium (Ti 10-20 ppm) (McKinlay 1981, 
p. 32). Magnesium plays an important role in the creation of electron traps. Different trap 
types are associated with single or couple Mg2+ dipoles (dimers, trimers). (Stoebe et al. 
in Horowitz 1984). The presence of titanium is required for the generation of the 
luminescence centres. (Rossiter et al. 1971). 
LiF: Mg, Ti is available in a wide variety of different physical forms. Nominally 
identical material from different manufacturers can vary in sensitivity due to variations in 
doping and crystal structure (Kron 1994). 
2.8.2 LiF : Mg, Cu, P Form 
This is a newer preparation of LiF, doped with about 50 ppm copper, 100 ppm 
phosphorus and 2000 ppm magnesium (Horowitz 1993, Zha et al. 1993). The material is 
about 30 times more sensitive than LiF: Mg, Ti without losing the relatively close tissue 
equivalence. However there is still some discussion as to what is the best composition. 
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LiF: Mg, Cu, P T. L. phosphor has a simple glow curve structure compared to 
LiF: Mg, Ti. A lower annealing temperature and a shorter annealing cycle can be 
employed. An additional advantage is the comparatively late onset of supralinearity at 
more than 10 Gy (Horowitz 1993). 
2.8.3 Studies On Functions of Dopants for LiF: Mg, Cu, P 
Since the publication of the work by We n. 9 et al. (1986) on the newly 
developed high sensitivity LiF: Mg, Cu, P T. L. chip many studies have been performed to 
understand the functions of the various dopants in the T. L. phosphor (Bhatt, et al. 1989, 
Horowitz A. and Horowitz Y. 1990, McKeever 1991, Wang 1993, Bos et al. 1996, Bilski 
et al. 1996, Chen and Stoebe 1998). Wang (1993) found that phosphorous (P) as dopant 
is not in the form of P element but a metaphosphate group. Bhatt, et al. (1989) found that 
the sensitivity of LiF: Mg, Cu, P and LiF: Mg, Cu are higher by factors of 25 and 3.3 
respectively as compared to LiF: Mg, Ti (TLD 100). Bilski et al. (1996) concluded in his 
study that P is clearly needed to obtain the high intensity of the major peaks and this 
agrees with Bhatt's result. 
McKeever (1991) examined the relationship between the emission spectra and 
dopants and confirmed that the glow-curve structure of LiF: Mg, Cu, P is dictated by the 
presence of Mg whereas the emission wavelengths are influenced by P which is regarded 
as the major activator. The study by Bos et al. (1996) found that copper (Cu) dopant 
appears to play an indirect role in the trapping of charge carriers, possibly reducing the 
occurrence of high order Mg defects and / or improving the efficiency of the 
luminescent centre. Chen and Stoebe (1998) in his recent study concluded that Cu related 
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defects may serve as the actual luminescent recombination centres in the LiF: Mg, Cu, P 
phosphors. 
To conclude from all these studies, most authors agree that Mg is related mainly 
to trapping centres as in LiF: Mg, Ti phosphor. P is related to luminescent centres as an 
activator and "Cu created defects" may serve as luminescent recombination centres. Both 
P and Cu play an important role in the high intensity light emission of the T. L. process. 
2.9 Advantages of LiF T. L. dosemeters 
LiF TLDs are an excellent method for many applications due to a number of 
advantages (Kron 1995). 
1. They are generally small requiring no cables or power supply. Therefore, they are 
easy to transport and carry in small containers. 
2. They are available with high radiation sensitivity and cover a wide dose range. 
3. The T. L. dose reading is dose rate independent. 
4. They have good long-term stability with negligible dependence on environmental 
influences such as temperature and humidity. 
5. T. L. dosemeters are reusable. 
6. They are suitable for automated readout allowing high throughput of detectors. 
7. They are tissue equivalent. If a detector is not tissue equivalent a radiation energy 
correction is needed. 
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2.10 Importance of Tissue Equivalence of LiF T. L. Dosemeters 
Tissue equivalence describes the property of materials to interact with radiation 
in the same way as human tissue (Kron 1999). As shown in Table 2.1 in the Appendix A 
(p. 222) LiF phosphor has an effective atomic number of 8.2 which is close to 7.4 of 
human tissue (McKinlay 1981, p. 36). In the diagnostic X-ray energies between 30 and 
150 keV, photo-electric effect is dominant with a strong dependence on atomic number 
of the interacting material. As the spectral composition of an X-ray beam is often not 
well known due to scattered radiations which can contribute significantly to the absorbed 
dose, tissue equivalence is essential to determine a biologically meaningful dose. Tissue 
equivalence is also of importance when measurements are made under radiation 
conditions where the effective energy of the photon radiation field is difficult to assess. 
(Kron 1999). 
2.11 Common Medical Applications of LiF T. L. Dosemeters 
2.11.1 Applications in Radiation Protection 
Due to their small physical size and their sensitivity, LiF T. L dosemeters are 
used extensively for the monitoring of doses for radiation safety. This includes 
environmental monitoring as well as personal dosimetry (Kron 1995). 
2.11.2 Applications in Diagnostic Radiology. 
LiF T. L. dosemeters are widely used to monitor doses received by patients and staff 
during diagnostic procedures. Skin entrance doses for particular radiological 
examinations are commonly measured. Organ doses are difficult to be measured in vivo 
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but nowadays calculation of organ doses can be computed by Monte Carlo mathematical 
technique if entrance skin doses are known (Jones and Wall 1986; Hart et al. 1994) 
Organ doses can also be measured directly by putting T. L. dosemeters inside 
anthropomorphic phantoms, which can model a relatively realistic patient set-up for 
certain types of radiological exposure. A very important application of LiF T. L. 
dosemeters in diagnostic radiology is for dosimetric surveys which are commonly part of 
regional, national or international quality assurance programmes. In addition to 
investigating which procedures are used where and what doses are given, valuable 
statistical data can be obtained which can lead to establishment of benchmarks and to a 
resulting improvement of procedures. (Kron 1995). 
2.11.3 Applications in Radiotherapy 
T. L. dosemeters are useful for a variety of dosimetric tasks in radiotherapy. These 
can broadly be divided into physical measurements in phantoms and in vivo dosimetry 
directly on the patients. (Kron 1995). 
2.12 Value of LiF T. L. Dosemeters in Studies with Anthropomorphic Phantom 
An anthropomorphic phantom is made from tissue equivalent materials and is 
constructed in such a way that T. L. dosemeters could be inserted inside it to measure 
organ dose. In diagnostic radiological procedures, anthropomorphic phantoms can be 
used to relate operational quantities such as exposure or dose-area-product to absorbed 
dose in organs (Toivonen et al. 1996). This is essential to obtain realistic risk estimates 
for certain radiological procedures. With the aids of phantoms, radiation exposures could 
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be simulated for particular diagnostic radiological procedures in experiments to improve 
techniques without unnecessary irradiation of real patients (Fung 1995; Fung et al. 
C 1997). Säez Vergara et al. (1999) recently performed a study of dose measurements in a 
phantom simulating neonates using T. L. materials of LiF: Mg, Ti and LiF: Mg, Cu, P. 
In radiation oncology, T. L. dosemeters have been used for the determination of 
dose from radiation treatments using anthropomorphic phantoms to estimate doses to 
critical organs such as the lens of the eye (Pakisch et al. 1992), scrotum (Niroomcnd- 
Rad et al. 1993) and the foetus during pregnancy (Stovaotll et al. 1995). 
A Rando phantom (Radiology Support Devices Inc., US) instead of real patients 
has been used for all the diagnostic radiological dosimetry applications throughout this 
study. This is an anthropomorphic phantom consisting of a human skeleton embedded in 
synthetic tissue-equivalent material forming the natural body contours. It has no limbs 
and is cut into 36 sequential numbered slices. Each slice contains a regular matrix of 5 
mm diameter holes which are 3 cm apart. The holes are normally filled with plugs of the 
same material, which can be removed and replaced by T. L. dosemeters (TLD) for dose 
measurements at selected locations. Figures 2.4 and 2.5 show the photographs of the 
Rando phantom used in this study at the X-ray laboratory of the Hong Kong Polytechnic 
University. 
CHAPTER 2: LITERATURE REVIEW ON THEORY OF TLD 26 
i 
Fig. 2.4 The anthropomorphic (Rando) phantom used in this study at the 
X-ray Laboratory of the Hong Kong Polytechnic University. 
Fig. 2.5 Slices of the Rando phantom, showing the matrix of holes for T. L. 
dosemeters insertion. 
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CHAPTER 3. TLD EQUIPMENT AND ERROR ESTIMATION 
3.1 RIALTO TLD SYSTEM 
3.1.1 Rialto T. L. Reader 
The RIALTO TLD System (NE Technology Co. Reading, U. K. ) was used for all 
the TLD work in this study. It consists of a reader module, a visual display unit and a 
keyboard and optional peripheral modules include a mouse, a printer and a plotter (NE 
Technology, 1995). The RIALTO reader is a dual channel (TLD) digital processor. It 
contains two readout channels employing two photomultiplier tubes (PMT) and a drawer 
mechanism for loading detectors singly or in pairs. With the exception of a nitrogen 
flow-rate adjuster, there are no external controls. The user controls the instrument via the 
pre-loaded software (Rialto Ver. 2.03 in 1994 with subsequent upgrade to Ver. 2.08 in 
1998). The hard disk allows storage of readout records. Archiving techniques include 
backup to floppy disk and the facility for data export. A laser printer (Hewlett Packard 
4P) and a colour graphics printer (Hewlett Packard) were connected to the T. L. Processor 
for data and graphical printout respectively. In addition, "image capture software" was 
loaded into the T. L. processor in 1998 to allow electronic capture and storage of any 
glow-curves displayed on the screen for later printout and image manipulation by image 
processing softwares such as "Paintshop Pro", "MS Photo-editor" or "Photoshop". Fig. 
3.1 shows the Rialto TLD system set-up in the radiation laboratory of Hong Kong 
Polytechnic University. Amber light is used in the room to minimize UN stimulation of 
the T. L. dosimeters during handling. 
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3.1.2 Automatic Loading Mechanism 
The loose detectors are placed in stainless steel trays on a carousel which can 
hold 30 trays in position. Each detector is identified by its position in the carousel. 
During readout the heating trays are transferred to the sample drawer by a pair of 
elevator platforms. The drawer then closes fully and the detectors are read out. Following 
this, the drawer is opened and the heating trays are unloaded. The carousel is indexed to 
the next position and the cycle repeated. Loose detectors may be loaded manually into 
the drawer in their carrier trays if required. Fig. 3.2 shows a close-up view of the sample 
drawer and the carousel of the Rialto T. L. Reader. Fig. 3.2a shows the inner structure of 
the T. L. Reader and Fig 3.2b shows the PMTs disconnected. 
3.1.3 The Light Measurement and Heating System 
The reader contains a light-tight enclosure for holding detectors during analysis. 
A motorised sliding drawer mechanism is used to introduce the detectors into the 
measurement position. Duplicate heating and light measurement systems are used so that 
detectors can be processed in pairs. 
When a pair of detectors are in the read position, two precision heating elements 
are elevated and brought into contact with the detectors. Feedback from thermocouples 
attached to the heaters is used to control the heating profiles and this ensures the 
accuracy and reproducibility of the heating cycle. 
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Fig. 3.1 Rialto TLD system in the Radiation Laboratory of the Hong Kong 
Polytechnic University. 
r 
Fig. 3.2 The drawer and carousel of the Rialto TLD system. 
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Fig. 3.2a Inside view of the Rialto T. L. Reader. 
Fig. 3.2b The two disconnected photomultipliers from the T. L. Reader. 
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Light emitted from the detector (thermoluminescence) is infra-red filtered and 
collected by two gain stabilised PMTs. Fig. 3.3 is a schematic diagram which shows the 
light measurement and heating system. The reader contains a light-tight enclosure for 
holding detectors during analysis. A motorised sliding drawer mechanism is used to 
introduce the detectors into the measurement position. Duplicate heating and light 
measurement systems are used so that detectors can be processed in pairs. 
When a pair of detectors is in the read position, two precision heating elements 
are elevated and contact the detectors. Feedback from thermocouples attached to the 
heaters is used to control the heating profiles and this ensures the accuracy and 
reproducibility of the heating cycle. Light emitted form the detectors 
(thermoluminescence) is infra-red filtered and collected by two gain stabilized 
photomultiplier tubes (PM tubes). Fig. 3.3 is a schematic diagram which shows the light 
measurement and heating system. 
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Fig. 3.3 The Light measurement and heating system (NE Technology, 
1995). 
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The PM tubes convert the light to electric currents which are then digitised by 
two current-to-frequency converters (CTFC). The "counts" from the CTFC's form the 
basis of the dose measurement. Readings taken from two internal reference light sources 
(made of 14C bonded in plastic scintillator) are used to maintain constant sensitivity of 
the light detection systems. They also enable accurate adjustments in sensitivity when 
required. The internal light sources are located at the back of the drawer. When the 
drawer is in the fully open position the internal light sources are positioned directly 
under the PM tubes. 
3.1.4 Heating Cycle 
The heating cycle used for readout is a stepped heating cycle, which divides into two 
or three phases: 
1. Preheat Phase 
During this period, the detectors are exposed to temperatures which are low 
relative to those used during the read phase. The purpose is to stimulate the 
release of signal corresponding to the low temperature peaks which are unstable 
because of their fading characteristics. 
2. Read Phase 
At the onset of this phase, the temperature is increased at a programmed rate to a 
higher level and maintained at that level for a programmed period of time. The 
light emitted during this period is integrated and provides the raw data upon 
which the results are based. 
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3. Anneal Phase 
This is generally employed to remove any residual signal, restoring the original 
intrinsic background of the detector. The process involves exposure of the 
detector to high temperature. Afterwards, the detector is cooled rapidly and 
reproducibly using a purge of nitrogen, which ensures the detectors have a 
constant sensitivity for each use. 
During readout, live glowe-curves are displayed as they are collected, showing the 
progress of the heating cycle and the development of the T. L. profile. 
3.1.5 Nitrogen Supply 
Whilst the system is processing a detector, oxygen-free nitrogen at a flow rate of 
450 t 50 ml/min enters at the base of the PM tube assembly and passes across the 
surface of the detector. A flow gauge at the rear of the instrument incorporates a sensor 
which generates an error message to warn of out of range flow rates. 
The nitrogen purge performs the functions of suppressing spurious light signals from the 
detector (chemiluminescence) and reducing oxidation of the heating element. A separate 
unrestricted nitrogen flow connects to the drawer and heater assembly. This enables 
rapid cooling of the heating element at the end of a readout cycle. This gas flow is 
carried to the heater via guide tubes in the heater elevator assembly. 
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3.1.6 Connections (Nitrogen Supply) 
The instrument must be connected to a supply of dry, dust-free nitrogen that has 
an oxygen content of less than 100 ppm. The pressure of the nitrogen supply should be 
0.35 to 0.7 kg/m-2 (5 to 10psi). 
3.1.7 Processing of `Raw' Measurement Data 
Current generated in a PM tube by the light signal is converted into a train of 
pulses with a frequency which is proportional to the current. These pulses are counted for 
each of the phases of the readout cycle. The integrated raw count from the read phase is 
used for the calculation of dose. This raw data is subject to a number of corrections and 
adjustments before the results are displayed or printed. 
3.1.8 Dark Current 
This is the current that flows in a PM tube in the absence of a light signal. Its 
value is dependent on the PM tube itself and on the voltage applied to it. The instrument 
checks the dark current of the PM tubes periodically during detector readouts. The 
readings are taken whilst the drawer is closed. The dark current reading forms the basis 
of a value, which is subtracted from the raw counts signal to produce a dark current 
corrected signal. 
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3.1.9 Sensitivity of Light Collection System 
The sensitivity of the light collection system may vary due to slight drifts in the 
high voltage, temperature effects on the tubes and contamination by dirt and dust 
particles. To compensate for this software monitors the sensitivity of each channel using 
2 internal light sources fixed at the back of the drawer. The output of these light sources 
is measured whenever the drawer is fully open. The raw data from each channel is 
corrected for sensitivity changes by multiplying by a factor based on the change in 
reading of the corresponding light source from its reference value. Thus: 
Corrected counts = (Raw counts - Dark Current Counts) x Internal Light Source Factor 
3.2 ANNEALING OVEN 
An anneal oven (Thermolyne furnace 47900, Barnstead Thermolyne Cor. 
Dubuque, USA) was installed next to the Rialto TLD system. This oven consists of three 
major parts: 
1. a vented heating chamber of inner dimensions 31 x 29 x 30 cm3 (width x 
depth x length) with the vented hole at the top of the oven. 
2. a temperature controller. 
3. a door interlock relay for operator safety. 
The oven chamber is heated by two open coil electric resistance heaters and is 
insulated with ceramic fibre insulation (Barnstead Thermolyne Cor. 1993). The control 
is located under the oven chamber and is well insulated from the heat generated in the 
oven chamber. A door safety switch removes power to the heating elements whenever 
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the oven door is opened. The temperature is controlled by an automatic controller. The 
oven controller is a single set-point controller. This controller provides a single digital 
display to indicate either chamber temperature or set-point temperature. Also, this 
controller incorporates sensor break protection, but does not have over-temperature 
protection. The oven provides heat treatment from 100°C to 1093°C for continuous use 
or 1093°C to 1200°C for intermittent use. Fig. 3.4a and 3.4b show the Thermolyne 47900 
Furnace (Barnstead Thermolyne Coporation) in the Radiation Physics Laboratory with 
the door closed and opened respectively 
3.3 TLD SYSTEM ACCESSORIES 
Essential TLD accessories include the following items: 
1. Vacuum pump tweezers (Dymax 30 Charles Austen Pump, Weybridge, UK) and 
stainless steel tweezers for hygienic handling of T. L. Pellets. 
2. UN-proof storage boxes of surface area 14 cm x 14 cm (tailor-made from 
Perspex) are used for storage of round LiF: Mg, Cu, P sintered T. L. pellets. Each 
box has the capacity for holding 100 pellets. 
3. Aluminium annealing plates (NE Technology Co. UK) of 1 cm thick and 14 cm x 
14 cm in surface area are used to hold the LiF T. L. dosimeters for annealing 
inside the oven. Each has a capacity to hold 100 round T. L. pellets. In both the 
storage box and annealing plate each location could be identified by vertical and 
horizontal grid reference. A same size thin aluminium plate was used to cover the 
annealing plate and screw-locked before putting the whole assembly inside the 
oven chamber. Fig. 3.5 shows these TLD accessories used with the Rialto TLD 
system in this study. 
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External and inside views of the Thermolyne 47900 Oven. 
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Fig. 3.5 TLD accessories in this study: Vacuum pump and metal tweezers, UN- 
proof perspex storage and aluminium annealing plates. 
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3.4 PRECISION, ACCURACY AND SOURCES OF ERROR 
3.4.1 Introduction 
TLD is an extremely versatile method and its applications are many and varied, 
ranging from personal dosimetry to archaeological dating. T. L. dosimeters are often 
commercially available in a number of different physical forms. The accuracy and 
precision achievable will therefore depend on the materials being used and its physical 
form, the application, the radiation quality being measured and the magnitude of the dose 
involved. This section briefly discusses the accuracy, precision, and sources of error in 
TLD measurements. The method of error estimation in all the various TLD 
measurements adopted during this study is also described. Both Busuoli (1981) and 
Marshall (1984) gave a detailed account on the accuracy and precision in TLD in their 
single chapters written in two TLD practical reference books. The following is a 
summary of ideas from both articles. Kron (1994) also made a comprehensive review of 
accuracy and precision in TLD in his invited article on TLD applications and equipment. 
3.4.2 Accuracy and Precision 
Precision is a term describing the random uncertainties associated with a 
measurement. This is a measure of the reproducibility of a system. Low precision means 
that random uncertainties are very high. Repeated measurements usually follow a normal 
distribution characterised by standard deviation or on the set of results. When a system 
has more than one source of random uncertainty, the independent contributions are 
summed in quadrature to derive the total ß and hence the precision of the system as a 
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whole. Results at 95% confidence level indicate the values obtained fall within ±2a of 
the mean. 
Accuracy is a statement of closeness with which a measurement is expected to 
approach the true value. Accuracy includes the effect of both systematic and random 
uncertainties. Both systematic and random errors could be combined by quadratic 
addition but the systematic error needs to be multiplied by a factor of 1.13 (suggested in 
the British Calibration draft document 3004 from a strict statistical viewpoint) 
The standard error (a mean) of the mean (Ym) from a limited number of 
measurements can be assessed by the equation: 
(Yi - Ym)2 ... (1) 
= a2/n 
amp, = a/tn ... (2) 
where Ym mean value and 
n= number of measurements 
Publications by Kirby, et al (1992) and Tsoulfanidis (1995) quote expression (2) 
3.4.3 SOURCES OF ERRORS IN TLD 
3.4.3.1 Errors Due to T. L. dosimeter 
Errors due to limitations of the T. L. dosimeter include the following factors: 
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" Variability of transparency and other optical properties of the detector. 
" Variability of the optical properties of any covering material, if this remains in 
position while the detector is read. 
" Temperature influences in excess of those taken into account by the calibration 
procedures. 
" Light effects. 
" Effects due to the energy and directional dependence of the dosimeter response. 
9 Contamination of the thermoluminescence material (not radioactive contamination) 
9 Ineffective and non-reproducible cleaning procedures applied to the detector. 
" Variability of the mass of the thermoluminescent material in the detector. 
" Where the use of powder is concerned, the distribution of the powder in the tray of 
the reader. 
" Changes in the detector sensitivity due to radiation damage. 
3.4.3.2 Errors due to the Reader and Evaluation Procedure 
Errors due to the Reader and Evaluation Procedure include the following factors: 
" Instability of the function of read-out device and the peripheral equipment. 
" Instability of the reference light source, due to intensity and spectral changes, with 
time and temperature. 
" Non-reproducibility and variability of the rate of inert-gas flow. 
" Non-reproducibility of the detector position in the reader and of the heat transfer 
between heater and detector. 
9 Variations in the zero-dose reading. 
" Non-consistency of the thermal read-out cycle during calibration and measurement. 
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" Changes in the optical properties of the read-out device, in particular due to variation 
in the reflectance of the heater element. 
3.4.3.3 Errors due to the Thermal Treatment 
Errors due to thermal treatment include include the following factors: 
" Non-reproducibility of the pre-irradiation annealing procedure. 
" Non-reproducibility of the post-irradiation heat treatment. 
" Non-reproducibility of the thermal treatment during read-out. 
3.4.4 Overall Uncertainties and Estimation 
Bartolotta, et al. (1995) studied the response behaviour of LiF: Mg, Cu, P T. L. 
dosimeters to high energy electron beam and they used the following equation which was 
developed by Kirby et al. (1992) to collect the overall uncertainties in the result absorbed 
doses from the T. L. dosimeter. 
D=T"C"kJ" kZ" kF" kE" kR 
The overall uncertainty in absorbed dose D is a combination of the uncertainties in each 
of the factors in the equation where T is the T. L. signal corrected for background, C is 
the proper calibration factor for the batch, and the k factors are the correction factors for 
the individual sensitivity (k1), non- linearity (k2), fading (kF) beam quality (kE), and dose- 
rate dependence (kR). 
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CHAPTER 4 DOSIMETRIC CHARACTERISTICS OF LiF: Mg, Cu, P 
T. L. PELLETS 
4.1 SUMMARY 
This chapter describes the development of establishing a reliable, reproducible 
and efficient readout and annealing regime suitable for the LiF: Mg, Cu, P T. L. dosemeter 
from glow curve studies so that its dosimetric applications in some selected diagnostic 
radiological studies with phantoms could proceed with confidence. A satisfactory 
readout regime was achieved with the time/temperature profile of the T. L. reader set for 
a heating rate of 12 °C s'1, a preheat zone of 135 °C "- ' for 8 seconds followed by readout 
at 240 °C for 19 seconds. Initially a high residual dose after first readout existed, but this 
could be reduced by repeated thermal treatments at a temperature of 240 °C. A 
reproducible and efficient external annealing regime with the Thermolyne oven involved 
heating up the T. L. dosemeters to 240 °C and maintaining them at that temperature for 
10 minutes. This regime was found effectively to remove a medium dose level of a few 
mGy with almost negligible residual dose in a single thermal treatment. For low dose 
measurements of less than 200 µGy, the internal machine anneal method using a single 
anneal at 240 °C for 90 seconds was found effective to remove residual dose to 
negligible levels. 
This is followed by description in depth of the various experiments performed to 
evaluate some basic dosimetric performance aspects of this LiF: Mg, Cu, P T. L. 
dosemeter, which included minimum detectable dose, reproducibility, batch uniformity, 
linearity, energy response and post readout residual dose. Favourable dosimetric 
characteristics were achieved. Results show that for 10 randomly selected dosemeters the 
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minimum detectable dose ranges from 0.027 to 0.11 RGy and for a medium radiation 
dose, the C. V. (coefficient of variation) for batch uniformity and reproducibility are 
7.3% and 3.2 % respectively and the coefficient of determination (R2) for linearity equals 
0.998. The effect of the number of thermal treatment cycles for the initialisation process 
on dosimetric properties of this T. L. dosemeter was also investigated. It was found that 8 
cycles of thermal treatment in the oven is adequate for a good initialisation without the 
gradual loss of sensitivity in subsequent applications which was found in T. L. 
dosemeters which had been treated with 3 and 5 cycle thermal treatments. No 
statistically significant fading was recorded in a short term (12-72 hrs) fading 
experiment. The laboratory background radiation test (1 hr. to 2 days) shows that this 
T. L. dosemeter is able to detect with confidence a one hour mean background radiation 
dose of of 0.31 RGy in the Radiation Physics Laboratory. 
4.2 INTRODUCTION (A Literature Review) 
As mentioned in chapter one, there has been a wide variation in results 
reported in previous studies on the dosimetric properties and optimum readout and 
annealing regime for the LiF: Mg, Cu, P T. L. dosemeter. This study started with a series of 
experiments to establish from glow curve studies a reproducible and efficient readout 
and annealing regime for this T. L. material with the newly installed Rialto automatic 
T. L. Reader and accessories in the Radiation Physics and X-ray laboratories of the Hong 
Kong Polytechnic University. This forms the foundation for some novel applications of 
this dosemeter in selected diagnostic radiological studies. The following is a review of 
previous studies on the various dosimetric characteristics on LiF: Mg, Cu, P T. L. 
dosemeter. 
CHAPTER 4 DOSIMETRIC CHARACTERISTICS OF LIF. "M& Cu, P 44 
4.2.1 Historical Development 
LiF: Mg, Cu, P is a T. L. material with exceptional dosimetric characteristics. It was 
first introduced by Nakajima et al. (1978) in the powder form but this material lost its 
sensitivity after its first use. Wu et al. (1984) developed and improved the reproducibility 
of this material (still in the powder form) and concluded from their experiments that it 
was a promising T. L. phosphor suitable for environmental radiation monitoring because 
of its high sensitivity, excellent flat response over a wide photon energy range, good 
tissue equivalence and chemically stability. A few years later, the Solid Dosimetric 
Method and Detector Laboratory (Beijing) started to manufacture on a commercial scale 
sintered chips 4.5 mm in diameter and 0.8 mm thick which became available on the 
international market as GR-200 A (Wang et al. 1986). Soon after, the research group at 
the National Radiation Protection Board (U. K. ) studied the dosimetric properties of this 
material in the chip form and compared it to the conventional LiF: Mg, Ti T. L. dosemeter 
(Driscoll et al. 1986). They reported the high residual signal problem (10% after the first 
dose readout) associated with this phosphor material and commented that a better 
understanding of its annealing behaviour was desirable. 
Since LiF: Mg, Cu, P became available in the convenient solid chip form, vigorous 
studies on this material have continued all over the world up to the present to gain a 
better understanding of its general dosimetric properties and to improve the readout and 
annealing regime for better efficiency and reproducibility (Srivastava et al. 1988, 
Horowitz and Horowitz, 1990, Azorin et al. 1990, Bacci el al. 1993, Zha et al. 1993, 
Furetta el al. 1994, Wang el al. 1996, Fill and Regulla 1998, Duggan et al. 1999, Tang et 
al. 1999, Moscovitch 1999, Ginjaume et al. 1999) 
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With an improved understanding of the dosimetric behaviour of this T. L. 
phosphor, there has been a gradual increase in its applications in various fields of dose 
monitoring such as for personnel (Jones et al. 1989, Bonamini 1999, Moscovitch 1999), 
environmental (Delgado 1996, Perry et al. 1999) skin and extremities (Wu et a!. 1990, 
Yuen et al. 1999), diagnostic radiological (Janssen et al. 1992, Säez Vergara et al. 
1999a & 1999b, Duggan et al. 1999b, Fung and Gilboy 2000) and radio-therapeutic 
(Bartolotta et al. 1995, Fill and Regulla 1998) procedures. 
4.2.2 Glow-curve 
Most previous publications agreed that 5 peaks could be identified from the 
glow-curve of LiF: Mg, Cu, P T. L. phosphor (McKeever 1995, p. 56-57, Regulla and 
Driscoll 1993 p. 62- 123, Bilski et al. 1997, Alves et al. 1998). However, there are small 
discrepancies in their reporting of the peak temperatures. Bacci et al. 1993 in their study 
claim the existence of a 6t' peak at around 295°C. The position of the main T. L. peak 
(peak 4) of the glow curve is comparable to that of LiF: Mg, Ti (TLD-100). Peak 4 is at 
around 220 °C and there are three peaks at lower temperatures of about 70-90 °C, 125 
°C and 180 °C which give rise to short and medium-term fading. Post-irradiation anneal 
(pre-heat) during the readout stage of this T. L. dosemeter could intentionally remove 
these peaks, making results more reliable without the need for fading corrections. The 
higher temperature peak at about 270 °C is responsible for the residual signals if the T. L. 
material has not been properly annealed after higher dose exposures (McKeever 1995, 
p. 56-57). 
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4.2.3 Readout and Anneal Regime 
The TL emission spectrum of LiF: Mg, Cu, P was found to have maximum light 
output at a wavelength of about 380 nm (DeWerd 1984, McKeever 1995 p. 59). For 
readout a maximum temperature of 240°C is recommended using a "plateau" heating 
regime (Nakajima et al. 1978, Wang et al. 1986, Zha et al. 1986). For higher dose values 
the annealing time should be extended up to 40 min (DeWerd 1984). Horowitz and 
Horowitz (1990b) and Oster et al. (1993) agreed that, if LiF: Mg, Cu, P is not heated 
above 240 °C, it can be re-used successfully, i. e. without the loss of sensitivity following 
repeated use. Oster et al. (1996) attempted a readout temperature of 270 °C for a few 
seconds and found no change in the T. L. sensitivity and the glow-curve structure. 
For annealing most attention was paid to control the upper annealing 
temperature in order not to exceed 240 °C. Driscoll et al. (1986) found that an annealing 
cycle at 300 °C for 1 hour would reduce the sensitivity by 25%. Cai et al. (1996) 
studied the effect of annealing temperatures between 200 °C and 400 °C and concluded 
that the glow peaks move towards higher temperatures and the T. L. intensity decreases 
remarkably with the increase in annealing temperatures. 
As for heating rate, Pradhan (1995) found that in his study on the influence of 
heating rate on the T. L. response of LiF: Mg, Cu, P that there is a significant shift of the 
glow peaks with irreparable damage for heating rates greater than 20 *Cs'. Ben-Amar el 
al. (1999) investigated the reusability and dosimetric precision of LiF: Mg, Cu, P at a high 
heating rate and found that this material can be read out at a temperature as high as 270 
°C and a high heating rate of 15 °Cs ' and this is still an acceptable readout procedure 
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since an excellent precision of 4.5 % (1 S. D. ) is achieved. Significant irreparable 
damage in the LiF: Mg, Cu, P dosemeter (up to 40 % loss in sensitivity) at high heating 
rates of 10 Ts 1 to 20 °Cs 1 was observed at a maximum readout temperature of 290 °C 
even for a time duration of only a few seconds. 
The cooling rate, as in the case of LiF: Mg, Ti, is of significance also for the 
LiF: Mg, Cu, P phosphor, influencing the glow-curve, and the sensitivity and repeatability. 
However, cooling rates of 30,50 and 150 °C per minute were found to cause little 
change in sensitivity (Piters and Bos, 1990) 
The readout and annealing regimes used in previous studies vary to a certain 
extent (Wang et al. 1986, Horowitz and Horowitz 1993, Oster et al. 1993, Wang et al. 
1996, Oster et al. 1996, Srivastava et al. 1996, Saez Vergara et al. 1999a, Tang el al. 
1999, Ginjaume et al. 1999, Duggan el al. 1999b). For the readout regime, the heating 
rate used ranges from 2 to 15 °Cs 1; preheat temperatures vary from 135 to 150 °C for 5 
to 8 seconds; with readout at a plateau temperature at 240 °C for 10 tol2 seconds. 
However for the annealing regime, most authors agreed on a protocol of "240 °C oven 
anneal for 10 minutes with a rapid cooling outside the oven in natural draught". Wang el 
al. (1996) suggested "90 seconds machine anneal at 240 °C" which was claimed to be 
effective for dose readout in the range 104 to 10''Gy and this resulted in about 0.2 % 
residual signals retained in the dosemeters. 
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4.2.4 Minimum Detectable Dose, Linearity and Energy Response 
The minimum detectable dose is reported to be between 0.06 and 1.5 µGy (Wang 
et al. 1986; Driscoll et al. 1986, Horowitz and Horowitz, 1990b). All authors agree upon 
a linearity range starting from 1 µGy up to about 10 Gy. The energy dependence ,_ 
is within +15% over the whole range 15 keV - 1.2 MeV. LiF: Mg, Cu, P 
dosemeters have been successfully used for monitoring doses in the iGy range (Zha et 
al. 1986, Janssen et al. 1992, Saez Vergara 1996). Sdez Vergara (1999a) in his recent 
study on practical aspects of the implementation of LiF: Mg, Cu, P dosemeters in routine 
environmental monitoring programmes concluded that short term environmental dose 
measurements over as little as 12 hours can be performed in a very reliable way with the 
very low detection level capability of this dosemeter. 
4.2.5 Sensitivity and Fading 
The sensitivity of this T. L. phosphor has been claimed to be 30 to 40 times larger 
than that of conventional LiF: Mg, Ti T. L. phosphor (Wang 1986, Horowitz 1993, 
Srivastava 1996). Earlier studies shows that the fading rate of LiF: Mg, Cu, P T. L. 
phosphor is very low (less than 5 %) or within experimental uncertainty over 2-3 
months at ambient temperatures (Wu et al. 1984, Wang el al. 1986). Säez Vergara 
(1999b) performed a study on the thermally induced fading on the individual glow peaks 
of LiF: Mg, Cu, P T. L. phosphor at different storage temperatures which confirms that the 
main dosimetric peak (peak 4) shows good stability at all tested temperatures and over 
all time periods whereas the lower temperature peaks (2 & 3) show an exponential 
decrease, the rate of which depends on the storage temperature. 
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4.2.6 Initialisation 
An initialisation procedure involves the thermal treatment (machine or oven 
anneal) prior to use and is designed to produce T. L. materials with constant sensitivity 
and reduced background variations over repeated cycles of measurements. (Regulla and 
Driscoll 1993 p. 67). It has been suggested that initialisation of this high sensitivity 
LiF: Mg, Cu, P is important to achieve satisfactory results, otherwise there may be loss in 
sensitivity coupled with inconsistent results (Janssen et al. 1992). Initialisation of the 
T. L. pellets involves the application of repeated thermal treatments. Piter and Bos 
(1990) suggested that at least 8 cycles of thermal treatment are needed to achieve 
satisfactory consistent sensitivity for later use. Saez Vergara et al. (1999b) initialised a 
batch of LiF: Mg, Cu, P detectors before experiments on thermal fading, by putting them 
through an anneal cycle ten times for 10 minutes at 240°C followed by rapid cooling 
each time. 
4.3 Main Objectives and List of Experiments 
4.3.1 Main Objectives 
The main objectives of these experiments were as follow: 
1. To establish from glow curve studies a reliable, reproducible and efficient 
readout and annealing regime for LiF: Mg, Cu, P T. L. dosemeters. 
2. To determine the essential dosimetric characteristics of the LiF: Mg, Cu, P T. L. 
dosemeter including minimum detectable dose, reproducibility, batch uniformity, 
linearity, post readout residual dose, and energy response with X-rays over the 
energy range commonly used in diagnostic radiology. 
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3. To determine the effect of different number of thermal treatment cycles for 
initialisation on the dosimetric performance of LiF: Mg, Cu, P T. L. dosemeters. 
4. To evaluate the short term fading and low level background radiation detection 
ability of LiF: Mg, Cu, P T. L. dosemeters. 
4.3.2 List of Experiments Performed 
A. Glow-curve study 
1. Identification of dosimetric peaks from glow curves with slow heating and fast 
heating rate. 
2. Study of residual doses 
3. Effectiveness of machine annealing process 
B. Dosimetric Characteristics of LiF: Mg, Cu, P (Oven Annealed) 
1. Residual dose investigation 
2. Minimum detectable dose level (individual and batch) 
3. Batch uniformity 
4. Reproducibility i) small dose ii) medium dose 
5. Test for Linearity i) small dose ii) medium dose 
C. Dosimetric Characteristics of LiF: Mg, Cu, P (Machine Annealed) 
1. Batch uniformity 
2. Reproducibility 
3. Linearity with low dose level 
4. Energy response with X-ray energy (40 kVp to 150 kVp) 
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D. Fading and Background Radiation Detection Ability 
1. Short term fading (12-72 hrs). 
2. Laboratory low background radiation detection (1-24 hrs) 
E. Initialisation Requirements 
3 cycles of thermal treatment initialisation 
i. Residual dose investigation 
ii. Minimum detectable dose level (individual and batch) 
iii. Batch uniformity 
iv. Reproducibility 
2.5 cycles of thermal treatment initialisation 
i. Residual dose investigation 
ii. Minimum detectable dose Level (individual and batch) 
iii. Batch uniformity 
iv. Reproducibility 
F. Experiments with Conventional LiF: Mg, Ti 
1. Glow-curve study 
2. Minimum detectable dose 
3. Batch uniformity 
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4.4 MATERIALS AND METHODS 
300 T. L. pellets of LiF: Mg, Cu, P (TLD100H / GR200A) in 6 batches supplied by 
Harshaw-Bicron Co. (Solon, U. S. A. ) from early 1996 to mid 1998 at different stages 
were used for these experiments. Each round pellet is white in colour and has dimensions 
of 4.5 mm and 0.9 mm in diameter and thickness respectively. These are made from 
compressed ground powder and according to the Harshaw-Bicron Co., these T. L. 
dosemeters were originally made by the Solid Dosimetry and Method Laboratory, 
Beijing, PRC. 10 pellets were randomly selected from a batch and the dimensions were 
measured with a micrometer (Mitutoyo, Japan) and the masses determined with an 
electronic balance (Type AU201, Shimadzu Cor., Kyoto, Japan). 
All the readouts were performed using the automatic TL Reader (Rialto, NE 
Technology U. K. ) that was installed in late 1994. The readout regime for the T. L. pellets 
was tested with dosed T. L. pellets, remaining from earlier work in this laboratory, by 
varying different readout parameters. The following readout regime was found 
satisfactory with reasonable consistency and hence was adopted throughout the later 
stages of the work: - 
Preheat time: 8 seconds; Preheat temperature: 135 °C; Read time: 19 seconds; Read 
temperature: 240°C; Heating rate: 12 °C per second. 
Small steel trays were cleaned before readout with ether/absolute alcohol to 
minimise signals from luminescence or incandescence of impurities/dirt at high 
temperatures. The nitrogen supply was adjusted to 4.5 litre per minutes and the gauge 
pressure was set at 25 p. s. i. A medium frequency X-ray unit (KXO-3R, Toshiba) which 
CHAPTER 4 DOSIMETRIC CHARACTERISTICS OF LIF: Mg, Cu, P 53 
was installed in 1997 in the X-ray Laboratory was used all the time to expose the T. L. 
dosemeters for dosimetric experiments. A fixed focal-object distance of 100 cm was used 
and the X-ray beam was collimated to a small beam size of 5 cm x5 cm so as to 
a%r- 
minimise, scattered radiation generated with bigger beam field size. 
Oven Annealing Procedure 
For annealing, the Thermolyne oven was used and the temperature was at 240°C 
as the upper limit. The T. L. pellets were put on a rectangular aluminium annealing plate 
for thermal treatment. The annealing plate with the pellets was put in the centre of the 
oven chamber at the same position in all heating cycles so that any uneven chamber 
temperature at various locations of the chamber could be avoided. When the oven 
reached 240°C as indicated by the digital display on the control panel this temperature 
was maintained for 10 minutes. Then the plate was removed using a pair of large forceps 
and put on a steel block for cooling in natural draught. Cooling ended after about 45 
minutes when the pellets reached room temperature of around 24 T. This procedure was 
repeated until the desired number of thermal treatment cycles was achieved. 8 cycles of 
thermal treatment initialisation was adopted for all pellets prior to any dosimetric 
experiments. 
Generation of Heating and Cooling Curve (Oven Annealing) 
A maximum temperature of NOT was set at the Thermolyne oven and the oven 
was started with the annealing plate inserted. The increasing temperature was displayed 
and the time lapsed recorded up to the maximum set-point temperature. Then the door of 
the oven was opened and the annealing plate removed and cooled in natural draught. The 
falling annealing plate temperature was measured by a thermocouple digital 
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thermometer (Meter model SK6800, Probe 817-01 K(CA), Kaise Electric Works Ltd., 
Taipei) and the time was recorded simultaneously. Heating and cooling curves were 
generated and are illustrated in the results. 
Generation of glow-curve 
A dosed T. L. pellet was put in the T. L. Reader with the chosen heating regime 
applied. For peak identification on the glow-curve, a slow heating rate of 2 °Cs'l was 
used. Output (in readout units related to the PMT anode current) from the T. L. Reader 
was recorded as a function of increasing temperature and time up to 240°C. Temperature 
and time data up to 240 °C were recorded and displayed on the monitor; the glow-curve 
could be stored and retrieved for printout later if required. 
Exposure of pellets 
Pellets to be exposed were put in turn on a small piece of white paper and 
exposed one at a time with each pellet sited precisely in the central beam. This was to 
avoid the anode heel effect (smaller exposure dose at the anode side) over the exposed 
field. The pellet on the paper was placed on a big rectangular sponge block (23 cm thick) 
to minimise backscattered radiation from the X-ray couch. A portable 3 cm3 ionisation 
chamber (MDH2025, Radcal Co., U. S. A., calibrated and traceable to U. S. national 
standard) was used to measure all the X-ray exposures made. 
Minimum detectable dose (MDD) was calculated from "3 times the standard 
deviation" of a series of background readouts (steel tray & unexposed and freshly 
annealed pellet). This will be at 99.7 % confidence level for the value of MDD obtained. 
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A Reproducibility test was made by repeatedly exposing the pellets to the same 
X-ray dose and recording the readouts obtained. Proper annealing was ensured before 
every repeated exposure. Batch uniformity (Homogeneity) was calculated from the 
coefficient of variation (C. V. ) from a batch of pellets exposed with the same X-ray dose 
under the same conditions. C. V. expressed as a percentage is obtained by dividing the 
standard deviation of readout units by the mean readout units. Investigation of residual 
signals is achieved by performing readouts of the TL pellet repeatedly without further 
exposure or annealing. 
The possibility of machine (internal) anneal rather than regular external oven 
anneal was evaluated by exposing and recording the readouts with varying anneal time. 
A feasible heating and annealing (internal) profile was achieved and further tests on 
batch uniformity, reproducibility linearity and energy response were performed. The 
annealing time of 90 seconds was set at the T. L. Reader and used for all dosed pellets 
which are designated for machine annealing. Some experiments were performed on 
conventional LiF: Mg, Ti pellets for batch uniformity , sensitivity and minimum 
detectable dose. Glow-curves were generated to compare with those obtained for 
LiF: Mg, Cu, P. 
Short term fading 
40 T. L. pellets from the same batch were annealed and 35 of these were dosed 
with 0.434 mGy (exposure parameters set at X-ray unit: 70 kVp, 20 mAs). These pellets, 
together with 5 undosed annealed ones (for monitoring background dose) were then 
stored together inside a lead pot in a low background room. 5 pellets from the stored set 
were read immediately after dosing and at time delays of between 12 and 72 hours. The 5 
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pellets assigned for the background estimate were read and the average background dose 
was subtracted from that of the fading test pellets. 
Background radiation detection ability 
The background radiation in the Radiation laboratory was measured with 5 
freshly annealed T. L. pellets for periods of time ranging from 1 hour to 48 hours. Glow- 
curves were also generated for each readout. The same set (5 pieces) of pellets were used 
for each period of investigation. 
4.5 RESULTS 
4.5.1 Sample Size and Mass Variations 
The measured dimensions and masses of the 10 randomly selected T. L. 
dosemeters are shown in table 4.1. Results 
show that the mean thickness, diameter, and mass are 0.92 mm, 4.57 mm and 
32.7 mg with the C. V. of 1.3%, 0.5%, and 1.8 % respectively. 
Figures 4.1a and 4.1b show the heating and cooling curves of the LiF: Mg, Cu, P 
T. L. dosemeters respectively for oven annealing. The heating temperatures were 
recorded from the digital display at the control unit outside the Thermolyne oven and the 
cooling temperatures were taken outside the oven by the thermocouple probe; this was 
put in direct contact with the annealing plate which holds the T. L. pellets and cooling 
was achieved by natural draught. No overheating above 240°C was observed during the 
whole annealing process. 
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Table 4.1 Dimensions and masses of-'. L. pellets cif' Lit : Mg, Cu, l' 
Detector Thickness / mm Diameter / nom Mass / mg 
1 0.925 4.56 25 
2 0.945 4.53 33.6 
3 0.91 4.58 31.8 
4 0.94 4.59 33.6 
5 0.93 4.59 32.9 
6 0.93 4.56 32.8 
7 0.925 4.57 32.7 
8 0.91 4.55 32.3 
9 0.91 4.54 32.1 
10 0.92 4.58 32.3 
Mean 0.92 4.57 32.7 
S. D. 0.01 0.02 0.59 
C. V. / % 1.34 0.45 1.82 
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Fig. 4. la Heating Curve for Li: Mg, Cu, P T. L. dosemeter inside the 
Thermolyne Oven. 
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Fig. 4. lb Cooling Curve of LiF: Mg, Cu, P T. L. dosemeter after oven anneal. 
4.5.2 Glow-curve Studies 
4.5.2.1 Identification of Dosimetric Peaks 
Figures 4.2a and 4.2b show the glow-curves for LiF: Mg, Cu, P T. L. dosemeters at 
a slow heating rate of 2°C per second and a fast heating rate at 12°C per second 
respectively. With a slow heating rate, the dosimetric peaks are better resolved and 
identified as illustrated in figure 4.1a. The 5 peaks are marked as P1 to P5, with P4 being 
the most prominent peak at a temperature of around 220°C; the satellite peaks at lower 
and higher temperatures of about 80°C, 125°C, 180°C and 270°C are marked as P1, P2, 
P3 and P5 respectively. As shown in figure 4.2b, with a faster heating rate, peak 4 is 
clearly shown to be the major dosimetric peak similar to that in the slow heating rate 
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glow-curve shown in figure 4.2a. Other peaks are only weakly visible. The green line 
shown in both figures represents the heating profile during the whole readout process 
inside the T. L. reader. The region between two vertical green lines shown in figure 4.2b 
is the assigned readout zone used throughout the subsequent experiments, which is read 
for 19 seconds after a preheat zone of 8 seconds. 
4.5.2.2 Study of Residual Dose 
Figures 4.3 shows a series of glow-curves from continuous repeated readout of a 
dosed LiF: Mg, Cu, P T. L. dosemeter. This illustrates the problem of residual dose 
associated with this T. L. phosphor. Repeated readout glow-curves represented by 
figures B-F show the gradual reduction of residual dose after an initial dose of 0.35 mGy, 
and the first readout glow-curve is illustrated by figure A. The readout signal drops 
remarkably from 46,461 units to 1,457 (3.1%) after the first readout and then drops more 
slowly to 914,625,539 and 437 in the continuing repeated readouts. 
4.5.2.3 Effectiveness of Machine Annealing Process 
Figures 4.4 shows a series of glow-curves to illustrate the machine (internal) 
anneal process. Figure A is the glow-curve of readout and anneal of the LiF: Mg, Cu, P 
T. L. dosemeter after exposing to 0.5 mGy. Figures B to D illustrate the glow-curves for 
repeated anneals. After the first anneal, the residual dose readout was shown to be 388 
units, which is 0.56 % of the first readout of 68,778. In the second and subsequent 
readouts the residual signal drops at a slower rate to 101 after the third anneal, which is 
close to the pellet background (zero dose) of around 45. 
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Figure 4.2a Glow-curve of LiF: Mg, Cu, P T. L. dosemeter at a slow heating rate of 2°C 
per second. Peak 4 is the main dosimetric peak at around 220°C and the satellite peaks at 
lower and higher temperatures of around 80°C, 125°, 180°C and 270°C as marked PI, 
P2, P3 and P5 respectively. 
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Figure 4.2b. Glow-curve for LiF: Mg, Cu, P T. L. dosemeter with a fast heating rate at 
12°C per second. 
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Figure 4.3 Residual dose illustration. Repeated readout glow-curves represented by 
figures B-F show the gradual reduction of residual dose after an initial dose of 0.35 mGy 
given to the LiF: Mg, Cu, P T. L. dosemeter and the first readout glow-curve was illustrated 
by figure A. 
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Figure 4.4 Glow-curves illustration of machine (internal) anneal process. Figure A is 
the glow-curve of readout and anneal of the LiF: Mg, Cu, P T. L. dosemeter after dosing to 
0.5 mGy. Figures B to D illustrate the glow-curves for repeated anneals, indicating the 
gradual drop in residual readout units. 
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4.5.3 Dosimetric Characteristics of LiF: Mg, Cu, P (Oven Anneal) 
4.5.3.1 Minimum Detectable Dose (individual and batch ) 
Table 4.2 (in Appendix B, p. 223) shows the results for 10 randomly selected 
LiF: Mg, Cu, P T. L. pellets of the same batch for 7 successive readings immediately after 
8-cycles thermal treatment initialisation. Three times the standard deviation (S. D. ) is 
calculated to be the minimum detectable dose (MDD) for individual and batch dosemeter 
readouts. Results show that the S. D. for the 10 pellets ranged from 1.3 to 5.3 readout 
units and the mean S. D. (for 10 pellets) is found to be 2.4 readout units. The mean 
response in readout units per gGy for X-ray energies in the range between 40 and 150 
kVpwas 142.8 which was calculated from the data in table 4.11. The MDD in gGy is then 
calculated by dividing the 3xS. D. by 142.8. Hence the MDD for individual dosemeter 
ranges from 0.027 to 0.11 µGy and the batch MDD is 0.05 µGy. 
4.5.3.2 Residual Dose Investigation 
Table 4.3 (in Appendix B) shows the result of 10 successive readouts for the 10 
T. L. pellets after an X- ray dose of 1.014 mGy These pellets were freshly treated with 8- 
cycles thermal initialisation. Results show a remarkable amount of residual signal is 
retained after the first readout. This amounts to 6.9% of the original dose, but gradually 
drops to 1.1% at the 10th readout. This trend in residual dose at successive readouts is 
also illustrated in figure 4.5. 
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Figure 4.5 Successive readouts for the 10 pellets with 8-cycles 
thermal treatment initialisation after dosing with I. 014 mGy of X- rays. 
4.5.3.3 Batch Uniformity 
Tables 4.4 and 4.5 (in Appendix E3) show the response in readout units fbbr 10 
randomly selected T. L. pellets after a small dose of 42 tGy and a medium dose of 1.014 
µGy of X-rays respectively. For batch uniformity, the C. V. for the variation in readout 
response is found to be 8% and 7.3 % for the small and medium doses respectively. 
4.5.3.4 Reproducibility (small dose & medium dose) 
Tables 4.4 and 4.5 (in Appendix B) show the result of reproducibility tests with a 
small dose of 4.2 µGy and a medium dose of 1.014 mGy respectively for 10 freshly 
initialised (by 8 cycles of thermal treatment) T. L. pellets. Results show that the C. V. 
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Fig 4.6 Reproducibility test for a small dose (42 uGy) 
on 10 pellets with 8-cycle thermal treatment initialisation. 
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Fig. 4.7 Reproducibility test for a medium dose (1.014 mGy) of X- 
rays on 10 pellets with 8-cycle thermal treatment initialisation. 
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of the readout response ranges from 2.6% to 5.5% with a mean of 4.4% for the small 
dose test whereas for the medium dose test, the C. V. ranges from 1.9% to 4.8% with a 
mean of 3.2%. Figures 4.6 and 4.7 illustrate these tests graphically. 
4.5.3.5 Test for Linearity (small dose & medium dose) 
Tables 4.6 and 4.7 (in Appendix B) show the results for the linearity tests of 
multiple exposures of small doses of 42 µGy and medium doses of 1.05 mGy with 10 
T. L. pellets which were freshly initialised by 8 cycles of oven anneals. These results are 
also illustrated by figures 4.8 and 4.9. Very good linearity was achieved with Coefficient 
of Determination, R2 = 0.998 as shown in figures 4.8 and 4.9. 
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Fig. 4.8 Linearity test for multiple small doses of 42 pGy X-rays 
for 10 pellets with the 8-cycles thermal treatment initialisation. 
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Fig. 4.9 Linearity test for multiple medium doses of 1.05 mGy X- 
rays for 10 pellets having the 8-cycles thermal treatment initialisation. 
4.5.4 Dosimetric Characteristics of LiF: Mg, Cu, P (Machine Anneal) 
4.5.4.1 Batch Uniformity 
Table 4.8 (in Appendix B) shows the result for the batch uniformity test with a 
small dose of 34 9Gy X-rays for 10 freshly machine annealed T. L. pellets, which had 8 
cycle thermal oven initialisation treatment. The C. V. was found to be 5%. 
4.5.4.2 Reproducibility 
Table 4.9 (in Appendix B) shows the result for the reproducibility test for the 10 
pellets, which were freshly machine annealed after these originally had 8-cycles thermal 
treatment initialisation. Machine anneal was used following every repeated X-ray dose 
of 34 pGy. The C. V. is found to be 5%. The result is graphically illustrated in figure 
4.10. 
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Fig. 4.10 Reproducibility test for 10 pellets with 8 cycles thermal 
treatment and machine (internal) anneal with 34 tG) X-ray dose. 
4.5.4.3 Linearity (Low Dose) 
Table 4.10 (in Appendix B) shows the result of the linearity test for multiple 
exposures giving a small dose of 32 jGy to 10 T. L. pellets which were treshly 
initialised by 8 cycles of oven anneal, followed by machine anneal. The result is also 
illustrated in figures 4.11 Very good linearity was achieved with Coefficient of 
2 Determination, R=0.998 from linear regression. 
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Fig. 4.11 Linearity test for the 10 pellets with 8 cycles of thermal 
treatment initialisation and machine (internal) anneal using multiple X-ray 
doses of 34 µGy. 
4.5.4.5 Energy response with X-ray energies (40 kVp to 150 kVp) 
Table 4.11(in Appendix B) shows the result of the energy response test for the 10 
pellets with 8-cycles thermal treatment initialisation and subsequent machine (internal) 
anneals using X-ray energies in the range between 40 and 150 kVp. The response to X- 
ray energies between 110 and 150 kVp is quite flat but there is a general over-response of 
4 to 7.9 % at lower energies as compare to this region with the highest over response 
between 70 and 90 kVp which is 7.9%. The mean readout response for the entire energy 
range was found to be 142.8 units per µGy. Figure 4.12 shows a graph which shows the 
variation of the mean T. L. output response of LiF: Mg, Cu, P T. L. pellets within the 
diagnostic X-ray energy range of 40 to 150 kVp uAr. 3 3-4r -" 
At N itmti-A 
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Fig 4.12 Energy response test for 10 pellets with 8-cycles 
thermal treatment initialisation and machine (internal) anneal using 
various X-ray energies in the range (40-150) kVp 
4.5.5 Fading and Background Radiation Detection Ability 
4.5.5.1 Short Term Fading (12-72 hrs. ) 
Table 4.12 (in Appendix B) shows the result of the test for short term (12-72 
hours) fading of LiF: Mg, Cu, P T. L. pellets whereas figure 4.13 illustrates the result 
graphically. No fading of readout signals was noted from the average readouts for the 
pellets set aside for all the different periods of storage after background subtraction. The 
mean readouts from the T. L. pellets for different periods have a C. V. of 5.5 %, which is 
within the normal batch uniformity variation within a C. V of 7.5%. A-F are glow-curves 
of different pellets generated after different storage periods of 0,12,24,36 & 72 hours 
respectively. All pellets were initially dosed to 0.434 mGy with X-rays. 
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Figure 4.13 Short term (3 days) fading test. A-F are glow-curves of different 
LiF: Mg, Cu, P T. L. pellets generated after different storage periods of 0,12,24,36 & 72 
hours respectively. All pellets were initially dosed with 0.434 mGy of X-rays. 
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Figure 4.14 3 day fading test (background subtracted) after 0.434 mGy 
X-ray exposure (Error bars represent the standard errors, Qmean)" 
4.. 5.5.2 Laboratory Low Background Radiation Detection (1-48 hrs) 
Table 4.13 (in Appendix B) illustrates the radiation dose levels recorded for all 
these periods in the range of 0.31 . tGy for period of 1 hour to 14.8 µGy for period of 48 
hours using the mean response of 142.8 readout units per µGy (extracted from table 
4.11) for the calculation. Figure 4.15 shows the plot of the background radiation dose 
detected over different periods of time. Good linearity is achieved with coefficient of 
determination, R2 = 0.997 from regression analysis. Figure 4.16 shows the glow-curves 
of detected background radiation for different periods of time. A-E show the glow-curves 
with background radiation dose peaks recorded for periods of 1,2,4,8 & 48 hours with 
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the T. L. pellets freshly annealed before any period was started. Figure F shows the glow- 
curve generated immediately after anneal (2 channels of dosemeter background glow- 
curves shown together). 
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Fig 4.15 Background radiation doses recorded by the high sensitivity T. L. 
LiFMg, Cu, Ti pellets for periods from 1 hr. to 48 hrs. (Mean background readout 
units = 33). 
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Figure 4.16 Background radiation detection glow-curves. A-E show the glow-curves 
with background radiation dose peaks recorded for periods of 1,2,4,8 & 48 hours with 
the T. L. pellet freshly annealed before any period was started. Figure F is the glow-curve 
generated immediately after annealing (2 channels of bkg glow-curves shown together). 
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4.5.6 Initialisation Requirements (3 and 5 cycles of thermal treatment) 
4.5.6.1 Minimum Detectable Dose Level (Individual and Batch) 
Table 4.14 and 4.17 (in Appendix B) show the results for 10 randomly selected 
LiF: Mg, Cu, P T. L. pellets of the same batch for 8 successive readings immediately after 3 
and 5 cycles thermal treatment initialisation respectively. Three times the standard 
deviation (S. D. ) is used to define the minimum detectable dose (MDD) for individual 
and batch dosemeter readouts. For the 3-cycle thermal treatment initialisation, results 
showed the background readings to be very high and the S. D. for the 10 pellets ranged 
from 15 to 48 readout units; the mean S. D. (for 10 pellets) was found to be 34 readout 
units. Applying the same calculation method used earlier, the MDD for individual 
dosemeters ranged from 0.31 to 1.01 µGy and the batch MDD was 0.71 µGy. For the 5 
cycles thermal treatment initialisation, the background readouts were slightly lower, with 
the S. D. for the 10 pellets ranging from 14 to 38 readout units and a mean S. D. (for 10 
pellets) of 27 readout units. The MDD calculated for individual dosemeters ranged from 
0.29 to 0.8 p. Gy and the batch MDD was 0.57 µGy. In summary 5-cycles initialisation 
gave slightly better results than 3-cycles initialisation. 
4.5.6.2 Residual Dose Investigation 
Table 4.15 (in Appendix B) shows the result of 8 successive readouts for the 10 
T. L. pellets after an X- ray dose of 1.19 mGy. These pellets were freshly treated with 3- 
cycles thermal initialisation. Similar to the pellets treated with 8 cycles thermal 
initialisation, results revealed a remarkable amount of residual signal remaining after the 
first readout. This amounted to 6.9% and gradually dropped to 1.6% at the 8`h readout. 
This residual dose trend after successive readouts is illustrated in figure 4.17 
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Fig. 4.17 Mean residual readout units for 8 successive readouts after 
a 1.19 mGy X-ray dose (with 3-cycles thermal treatment initialisation). 
4.5.6.3. Batch Uniformity 
The first column in Tables 4.15 and 4.18 (in Appendix E3) shows the response of 
10 randomly selected T. L. pellets to X-ray doses of 1.19 mGy and 1.014 mGy with 3- 
cycles and 5-cycles of thermal initialisation respectively. For batch uniformity, the C. V 
for the variation in readout response is found to be 9.6 % and 5.4 % for the 3-cycles and 
5-cycles pre-treatments respectively. 
Cl/APTER 4: DOS/METRIC CI-I. 4RACTER/ST/CS OF L/F: Afg. Cis, l' 77 
12345678 
Number of Readouts 
4.5.6.4 Reproducibility 
'Fables 4.16 and 4.17 (in Appendix 11) show the results 01' reproducibility tests 
i'or the 10 pellets which had fresh 3-cycles and 5-cycles of' thermal treatment 
initialisation respectively. There is a remarkable drop in sensitivity in the subsequent 
readouts for the same dose in both cases. This drop in sensitivity is illustrated in figures 
4.18 and 4.19. 
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Fig. 4.18 Reproducibility test for 3-cycles thermal treatment 
initialisation of pellets (with 1.19 mGy of X-rays). 
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Fig. 4.19 Reproducibility test for 5-cycles thermal treatment 
initialisation of pellets (\v ith I. 045 mGv of X-raus). 
4.5.7 Experiments with Conventional L1F: N1g, Ti 
4.5.7.1 Glow-curve Study 
Figures 4.20 and 4.21 show typical glow-curves for a dosed conventional 
LiF: Mýg, "l'i T. L. dosemeter and the residual dose respectively. The optimised readout and 
machine annealing regime used was: 
Preheat at 165°C for 10 second; Readout at 300°C for 12 secon ss, Anneal at 400°C, fbr 
10 seconds; Maxim um heating rate of 25°C per second 
4.5.7.2 Minimum Detectable Dose (Mlll)) and Batch uniformity 
For MDD, experiments similar to those with LiF: Mg, Cu, P T. L. dosemeters \N ere 
performed by repeated measurements on a batch of freshly annealed and undosed 
LiF: Mg, Ti T. L. chips (supplied by Harshaw-Bicron Co. ). Each chip is 0.9 mm thick and 
3.2 nom square with a mass of 24 mg. 
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Figure 4.20 Typical glow-curve for conventional LiF: Mg, Ti T. L. dosemeter. 
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Figure 4.21 Glow-curve showing residual dose after the first readout for 
conventional LiF: Mg, Ti T. L. dosemeter. 
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The mean background signal was about four times that of the high sensitivity 
LiF: Mg, Cu, P T. L. dosemeters and the batch MDD was found to be 20.5 µGy . Batch 
uniformity tests with a medium X-ray dose of 1.2 mGy on 10 randomly selected T. L. 
chips from the same batch gave a C. V. of 4.7 %. The relative sensitivity of LiF: Mg, Cu, P 
to LiF: Mg, Ti T. L. dosemeters was found to be a' 
4from 
a comparison of the average 
readouts from both types of detector (10 chips of each) after exposing to the same X-ray 
dose of 1.2 mGy. 
4.6 DISCUSSION 
4.6.1 Variation of Mass and Size of T. L. Dosemeters 
The variability of the mass of T. L. material in the dosemeter is one of the ten 
causes of TLD errors due to dosemeter properties as mentioned in chapter 3, section 
3.4.3.1. (Busuoli 1993, p. 146) Assuming a homogeneous distribution of T. L. constituents 
in each dosemeter, mass variations in a batch of dosemeters will cause output/sensitivity 
variation in a proportional manner. The results look satisfactory for the measurements of 
10 randomly selected dosemeters from a batch with C. V. of 1.34 %, 0.45 % and 1.82 % 
for the thickness, diameter and mass respectively. This variation in mass will inevitably 
increase with time, due to variation in the rate of material loss from dosemeters due to 
wear and tear in repeated use. 
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4.6.2 Heating and Cooling Curve 
As shown in Figures 4.1a, for oven annealing, the heating of LiF: Mg, Cu, P T. L. 
dosemeters was at a constant rate of 2°C per second until the set temperature of 240°C 
was reached. The cooling curve of the heated LiF: Mg, Cu, P after oven annealing is 
illustrated in figure 4.1b which shows the natural cooling of a heated substance with a 
rapid fall at the beginning followed by a gradual slow-down in the cooling rate of the 
T. L. dosemeter. The initial cooling rate is slightly greater than 30°C min-' which is 
considered to be rapid cooling as required by this phosphor to maintain its sensitivity in 
subsequent use (Piters and Bos 1990). 
4.6.3 Glow-curve Studies 
With a slow heating rate of 2 °C per second the glow-curve generated from a 
dosed T. L. pellet of LiF: Mg, Cu, P shows the existence of 5 peaks with peak 4 being the 
major dosimetric peak at about 220°C together with minor satellites at lower and higher 
temperatures at about 80°C, 125°C, 180°C and 270°C as shown in figure 4.2a. These 
peak temperatures identified are quite close to published values in previous studies 
(McKeever 1995, p. 56-57, Regulla and Driscoll 1993 p. 62- 123, Bilski et al. 1997, 
Alves et al. 1998). Small differences may due to the differences in the heating rate used 
for the generation of the glow-curves, which will cause shifting of peak position 
(Pradhan 1995). The lower temperature peaks at 80°C, 125°C and 180°C will cause 
, short and medium-term fading (Siez Vergara 1999b). Post-irradiation anneal (pre-heat) 
at 135°C for 8 seconds during the readout stage of this T. L. dosemeter can intentionally 
remove these peaks, making the result more reliable without the need for correcting for 
residual signals from previous use which varies with time and dose. 
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The higher temperature peak at about 270°C is responsible for the residual signal 
if the T. L. material has not been properly annealed after larger doses (McKeever 1995, 
p. 56-57). Figures 4.3 shows a series of glow-curves from continuous repeated readout of 
a dosed LiF: Mg, Cu, P T. L. dosemeter. This illustrates the problem of residual dose 
associated with this T. L. phosphor. The readout drops remarkably from 46,461 to 1,457 
(3.1%) after the first readout. This indicates that an effective method of eliminating the 
residual signals must be enforced if accurate dose measurements are required. The 
machine (internal) anneal method tested in this study with a temperature of NOT for 90 
seconds was found to be effective for doses of less than 200 µGy. Any higher doses 
require repeated anneal through the cycle until the residual dose is lowered to the level 
desired. Figure 4.4 illustrates that 0.56% (2.8 . tGy) of residual dose remains after the 
first readout and anneal in the T. L. Reader, for a dose of 0.5 mGy. It is strongly 
recommended that the oven (external) anneal method is used in the circumstances of 
higher, or highly varying doses, by heating the T. L. pellets at a constant temperature of 
240 °C for 10 minutes followed by rapid natural cooling out of the oven. 
4.6.4 Dosimetric Characteristics of LiF: Mg, Cu, P 
The minimum detectable dose (MDD) found in this study from a series of 
background (undosed) readouts, for individual dosemeters ranges from 0.027 to 0.11 
gGy and the batch MDD is 0.05 pGy. These show that surprisingly good figures can be 
achieved. As shown in table 4.2 (in the Appendix B), the mean background (undosed) 
readout units are very low, ranging from 32 to 46 with a very low mean standard 
deviation of 2.4 which is equivalent to 0.017 µGy. In fact Wang et al. (1986) claimed to 
achieve a MDD of 0.06 gGy for LiF: Mg, C, P T. L. dosemeters in their early studies. 
Flushing with oxygen-free nitrogen during readout suppresses spurious signals and 
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improves the accuracy of readouts. They read out their T. L. pellets in a nitrogen 
atmosphere similar to that in this study. The low MDD for this dosemeter is a very 
favourable feature which could be well exploited for environmental radiation monitoring 
(Zha et al. 1986, Janssen et al. 1992, Säez Vergara 1996 & 1999a) and probably for low 
level dose measurements with patients (Janssen et al. 1992, Säez Vergara et al. 1999a & 
1999b, Duggan et al. 1999b, Fung and Gilboy 2000) in diagnostic radiological 
procedures. 
The mean residual dose after the first readout was found to be 6.9 % as 
illustrated in table 3 (in Appendix B). This indicates the importance of proper annealing 
for the elimination of these residual signals, which will inevitably reduce the accuracy of 
subsequent dose readouts unless they are removed. The oven anneal method as discussed 
in the previous section has proved to be effective. 
The batch uniformity result with a C. V. of 8% and 7.3 % for small and 
medium doses was within the specification of the product (Harshaw-Bicron 1998). It is 
interesting to see that the mean C. V. for repeated doses on individual dosemeters was 
found to be 4.4 % and 3.2 % for small and medium doses respectively as shown in table 
4.4 and 4.5. This implies that individual calibration of these dosemeters will obviously 
improve the dose measurement accuracy. 
The two linearity tests show the very good linear response of this dosemeter. In 
cases of both small and medium doses respectively, linearity, with coefficient of 
determination R2 = 0.9984 and R2 = 0.9988, was achieved. Good linearity is a desirable 
characteristic for any dosemeter. Tests with higher doses is limited by the facilities 
available in this laboratory and the next stage of this study will focus only on diagnostic 
radiological dose levels. 
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For experiments with machine anneal for smaller doses, similar results were 
obtained, with a mean C. V. of 5% for both batch uniformity and reproducibility, and 
linearity with a coefficient of determination R2 = 0.998 (from tables 4.8 & 4.9 and 
fig. 4.11). 
In the energy response test, the response for X-ray energies between 110 and 
150 kVp does not vary greatly, but there is a generally higher response by between 4 and 
7.9 % at lower energies with the highest over-response between 70 and 90 kVp (as shown 
in table 4.11 and fig. 4.12). This relatively slight over-response performance is far better 
than that of other T. L. dosemeters such as CaSO4: Dy The error due to this effect could 
be minimised by careful calibration of dosemeters to the X-ray energies that are to be 
measured. 
This study has shown that there is no observable short term fading (3 days) for 
LiF: Mg, Cu, P T. L dosemeters. The mean readouts from the T. L. pellets for different 
waiting periods have a C. V. of 5.5 % which is within the normal batch uniformity 
variation of 7.5% C. V. No fading test longer than 3 days was performed because in the 
practical situation, with the high sensitivity of this dosemeter, it is desirable to perform 
readout as soon as possible after the exposure especially for low dose measurements to 
minimise the effect of background dose (which may be quite high) and it is unlikely that 
readouts are delayed longer than 3 days after exposure in clinical applications. 
For the laboratory background radiation test, it is interesting to see the ability 
of this dosemeter to pick up a small dose of 0.31 µGy with confidence in an exposure 
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time as short as an hour. This is well illustrated by the series of glow-curves for different 
periods up to 48 hours (figure 4.16) which explains why many studies have employed 
these dosemeters to perform low level environmental radiation measurements (Delgado 
1996, Perry et al. 1999, Säez Vergara 1999a). 
The initialisation test for 3 and 5 cycles of anneal has shown clearly that both 3 
and 5 cycles of anneal initialisation are inadequate to enable the T. L. dosemeters to 
maintain a constant sensitivity. As shown in figures 4.18 and 4.19, there are remarkable 
reductions in the sensitivity of the dosemeters in the reproducibilty tests in cases of both 
3 and 5 cycles of anneal initialisation. This bad feature will limit its applications in any 
dose measurement. The enhanced batch MDDs resulting from these two initialisation 
routines were found be 0.71 and 0.57 µGy for 3-cycles and 5-cycles tests respectively. 
The experiments using T. L. pellets with 8-cycles of anneal initialisation have 
demonstrated the favourable unique dosimetric characteristics of this Li F : Mg, Cu, P T. L. 
dosemeter. Therefore as favoured by previous researchers (Janssen et al., 1992, Piter and 
Bos 1990, Säez Vergara et al. 1999b) at least 8-cycles of thermal anneal is recommended 
for initialisation of this dosemeter to maintain high and constant sensitivity in subsequent 
measurements. 
Experiments for batch uniformity and MDD for the conventional LiF : Mg, Ti 
dosemeters show typical results as expected. The mean background level was about four 
times that of the high sensitivity LiF: Mg, Cu, P T. L. dosemeters and the batch MDD was 
found to be 20.5 gGy . Batch uniformity tests with a medium 
X-ray dose of 1.2 mGy on 
10 randomly selected T. L. chips from the same batch gave a C. V. of 4.7 %. The relative 
sensitivity of LiF: Mg, Cu, P to LiF: Mg, Ti T. L. dosemeters was found to be 27.2. This 
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latter material has been a well established T. L. dosemeter for more than 30 years and 
probably its position will be challenged by this high sensitivity LiF: Mg, Cu, P T. L. 
dosemeter. 
4.6.5 Suppliers of LiF: Mg, Cu, P T. L. Dosemeters 
The LiF: Mg, Cu, P T. L. dosemeters used in this study were supplied by Harshaw / 
Bicron Co. in 6 batches of 50 pieces each at different stages throughout a period of 2-3 
years since the start of this study in 1996. The supplier claimed that these pellets 
originated from the Solid Dosimetric Method and Detector Laboratory in Beijing, PRC. 
Between 1997 and 1998, Harshaw / Bicron developed their own technique and started to 
produce these T. L. dosemeters locally in the U. S. A. It is difficult to judge whether the 
later batches of LiF: Mg, Cu, P T. L. dosemeters used in this study were Beijing or U. S. 
pellets. Since this material has undergone continuous development, and dosimetric 
properties such as sensitivity and energy response may change or improve from batch to 
batch, it is desirable to perform a quick dosimetric properties check when a new batch of 
dosemeters is received. A new calibration test should be performed every time 
immediately before or after each application. 
Moscovitch (1999) did a review study to evaluate the dosimetric properties of the 
newly developed LiF: Mg, Cu, P T. L. pellets (from Harshaw) to assess its suitability for 
personnel dosimetry. His findings were positive for the all well known favourable 
dosimetric properties except for the problem of high residual signals and the loss of 
sensitivity when this material is heated over 260 °C; these drawbacks might limit its 
"Kei^°r 
application in high dose clinical dosimetry. In the same year Ranogajec et al. (1999) 
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compared the performance of the newly developed U. S. produced LiF: Mg, Cu, P 
T. L. pellets with the ones from Beijing under different environmental conditions. He 
concluded that both products passed the performance test for environmental radiation 
monitoring. 
4.6.6 Equipment Accuracy and Handling Technique 
The performance of T. L. materials depends also on the operator's technique and 
the accuracy and precision of the T. L. Reader and its accessories. The TLD experiments 
in this study were performed in a dedicated room, which has specially designed features 
for TLD work. It is a clean room with 24-hr air-conditioning and fluorescent lamps with 
amber colour light filters to minimise the effect of any ultraviolet light that may 
stimulate some T. L. materials. The Rialto T. L. Reader used in this study has the very 
good design feature of having a software controlled PMT voltage reset function based on 
an internal light reference source (C14 bonded in a layer of plastic scintillator) within the 
T. L. Reader. The high voltage is automatically adjusted as required at regular intervals 
after a fixed number of readouts to ensure a constant overall reader sensitivity for all 
measurements. Regular checks (monthly) and cleaning of the entrance window and the 
associated light filter was also crucial to ensure a constant response performance of the 
photomultiplier tube. There is often accumulation of grease and dirt after some time on 
these transparent parts, which will reduce the light amount received by the PMT. 
The nitrogen purge during readout and anneal of T. L. dosemeter within the T. L. 
reader is another excellent feature of this equipment. The nitrogen reduces the oxidation 
of the heater element and suppresses spurious light signals from the detector 
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(chemiluminescence). Care is always required when T. L. pellets are handled both for the 
readouts and the X-ray exposures. Either vacuum tweezers or steel tweezers were used 
all the time to ensure no grease or dirt could be deposited on the dosemeter which can 
arise when handling with fingers. The positioning of the dosemeter in the steel tray for 
readout may affect the amount of light reaching the entrance window of the PMT. Care 
should be taken to ensure that every T. L. pellet is placed securely at the centre of each 
steel tray to maximise the T. L. output for every readout. 
The stable performance of the Thermolyne Oven used in this study is crucial to 
achieve reliable results. This is especially true when LiF: Mg, Cu, P T. L. dosemeters need 
to be annealed every time at the critical temperature of 240 C°. The literature review in 
section 4.2 has shown that thermal treatment even for a few degrees over the set 240 C° 
will deteriorate the performance of the material leading to a remarkable drop in 
sensitivity. Careful observation of the digitally displayed temperature on the control unit 
is needed throughout the annealing period. It is fortunate that at no time was the 
temperature displayed over the set level during all the annealing experiments. Regular 
quality control was also performed to check the accuracy of the digital thermometer 
using a long stem thermocouple probe, which could be inserted through the vent hole at 
the top of the oven. 
4.7 CONCLUSIONS AND RECOMMENDATIONS 
Dosimetric experiments have been performed with different batches of 
LiF: Mg, Cu, P T. L. dosemeters which were supplied by Harshaw / Bicron Co. at different 
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stages since the start of this study in 1996. All these experiments were carried in the 
Radiation Physics and X-ray Laboratories of the Hong Kong Polytechnic University. The 
following conclusions are drawn. 
From glow-curve studies, 5 dosimetric peaks could be identified for LiF: Mg, Cu, P 
T. L. dosemeter with the major peak (peak 4) located at around 220°C and satellite peaks 
1,2,3 and 5 at lower and higher temperature of around 80°C, 125°C, 180°C and NOT 
respectively. Post irradiation anneal (preheat) could effectively eliminate the early fading 
of peaks 1 and 2. The high temperature peak at NOT is probably the main cause of the 
residual dose problem, which could be minimised with repeated machine (internal) or 
external (oven) annealing. Residual dose was found to be significant and was 
approximately 7% of the original dose after a single readout without anneal. The number 
of anneals required depends on the dose level received by the dosemeter. 
From glow-curve experiments combined with results from previous studies, a 
readout and annealing regime was developed and adopted; this was found to be reliable, 
reproducible and efficient, with residual dose reduced to negligible levels. 
The protocol adopted for the readout at the T. L. reader was: 
Preheat time: 8 seconds; Preheat temperature: 135 °C; Readout time: 19 seconds; 
Readout temperature: 240°C; Heating rate: 12 °C per second 
The adopted anneal protocol was: 
Machine (internal) anneal at 240°C for 90 seconds; recommended for small dose levels 
(e. g. < 200 4GY) 
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Oven (external) anneal at 240°C for 10 minutes and rapidly cooled down to room 
temperature by natural draught; recommended for medium dose levels (e. g. <2 mGy) 
For any larger dose levels received by the dosemeter, repeated annealing was 
found to be effective. The number of repeats required depends on the dose level received 
and could be easily assessed by the evaluation of the residual dose at any time by a quick 
readout with the glow-curve viewed directly on the T. L. Reader screen. It is 
recommended that to ensure accurate dose measurement with LiF: Mg, Cu. P, individual 
dosemeters after initialisation should be designated for use at specific dose levels (low, 
medium and high) all the time and the dose records should be kept and traceable. 
Results from detailed experiments confirm the favourable dosimetric 
characteristics obtained in previous studies. Results show that for 10 randomly selected 
dosemeters the minimum detectable dose ranged from 0.027 to 0.11 p. Gy and for a 
medium radiation dose, the C. V. for batch uniformity and reproducibility were 7.3% and 
3.2 % respectively. Very good dose-response linearity was achieved with a coefficient of 
determination (R2) for linearity > 0.99 in all cases for both small and medium dose 
experiments using the oven anneal method, and for small dose experiment with machine 
anneal only. The sensitivity of the LiF: Mg, Cu, P T. L. dosemeter (pellet form) was 27.2 
times that of the conventional LiF: Mg, Ti T. L. dosemeter. 
The effect of the number of thermal treatment cycles for the initialisation process 
on dosimetric properties of this T. L. dosemeters was also investigated. It was found that 
8 cycles of thermal treatment in the oven is adequate for a good initialisation to avoid the 
gradual loss of sensitivity in subsequent applications which was found for the T. L. 
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dosemeters treated with 3 and 5 cycles thermal treatment in the initialisation process. No 
statistically significant fading was recorded in the short term (12-72 hrs) fading 
experiment. The laboratory background radiation test (1 hr. to 2 days) shows that this 
T. L. dosemeter is able to detect with confidence a one hour mean background radiation 
dose of 0.31 gGy in the Radiation Physics Laboratory. 
Techniques for the use of LiF: Mg, Cu, P T. L. dosemeters has almost been 
optimised and this material can now be regarded as a well established tool in radiation 
dosimetry. With its very favourable dosimetric characteristics of high sensitivity, tissue 
equivalence, low MDD, very good linearity over a wide range and a relatively flat 
photon energy response, its applications, in particular to low level medical and 
environmental radiation measurements, will probably grow to achieve a popularity 
similar to the present routine applications of the conventional LiF: Mg, Ti. dosemeters. 
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CHAPTER 5 APPLICATION STUDY (I) 
LUMBAR SPINE RADIOGRAPHY 
5.1 TITLE OF STUDY 
"Anode heel effect" on patient dose in lumbar spine radiography. 
5.2 SUMMARY 
Appropriate exploitation of the "anode-heel effect" of the output beam from an 
X-ray tube can reduce the effective dose to patients in some common radiological 
examinations. This study investigates the radiation intensity variation across the X-ray 
beam due to the anode-heel effect and quantifies the difference in absorbed dose to 
critical organs resulting from lumbar spine X-ray projections carried out with the two 
possible orientations of the patient along the tube axis (cathode to anode). A Rando 
phantom and some high sensitivity thermoluminescent dosemeters (TLD) of 
LiF: Mg, Cu, P were used. With the tube axis horizontal, radiation intensity profiles, 
parallel and perpendicular to the axis, were measured. Lumbar spine radiographs were 
recorded using the Rando phantom in the standard Antero-posterior (AP) and lateral 
projections. TLD pellets were used to measure the radiation absorbed dose at various 
sites corresponding to critical organs/tissues (ovaries, testes, breasts, thyroid and lens). 
Each set of projections were recorded in two phantom orientations, firstly with the 
phantom head placed towards the cathode end of the X-ray tube, and then in the reverse 
direction. 
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From the radiation intensity profile of the incident X-ray beam, the "cathode end" 
to "anode end" air dose ratio was found to be 1.8. For lumbar spine radiography, with the 
phantom head placed towards the anode end of the X-ray tube, the ovaries and testes 
received an average dose 17 % and 12 % higher respectively in the lateral projection, and 
16% and 27% higher respectively in the AP projection, than those obtained in the reverse 
"patient"orientation. These results indicate that patients (in particular females) should 
always be positioned with the head placed towards the cathode end of the X-ray tube for 
lumbar spine radiography to achieve significant dose reductions. 
5.3 INTRODUCTION 
Worldwide medical use of ionising radiation accounts for the great majority of 
the man-made contribution to average radiation doses. For example, in the United 
Kingdom, this amounts to 14 % (0.37 mSv) of the average annual dose to the population 
from all sources of radiation (NRPB 1998 p. 12). Of the various medical uses of 
radiation, the examination of patients with X-rays for diagnostic purpose is by far the 
most frequent practice (UNSCEAR 1993 p. 228). The general public have a heightened 
concern for the deleterious effects of ionising radiation following the Chernobyl accident 
in 1986 but radiologists themselves, being in regular contact with radiological 
equipment, must also be constantly aware of the potential for accruing harmful 
exposures. The investigation of dose reduction methods in diagnostic radiology has 
always been a primary aim of radiation protection research. The National Radiological 
Protection Board (NRPB) in the UK has proposed 28 methods for reducing doses to 
patients from X-ray examinations, such as using the most sensitive film/screen 
combination, optimisation of exposures, use of digital imaging equipment, and improved 
procedural techniques (NRPB 1990 p. 36- 37). 
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The anode heel effect on the output of X-ray tubes is well documented in 
radiological physics texts (Carlton et al. 1992 p. 150- 151, Eastman Kodak 1980 p. 21- 22, 
Wilks 1981 p. 285- 286, Burns 1992 p. 87- 91, Curry et al. 1990 p. 18- 19, Bushong 1997 
p. 117- 118, Meredith and Massey 1977 p. 227- 229). This phenomenon produces a 
reduction of X-ray intensity towards the anode side of the X-ray beam due to the higher 
absorption of those X-rays which pass through a greater thickness of material as they 
emerge from the target. Relative to the centre of the output beam, there may be as much 
as 25% fewer photons at the anode end of the X-ray tube and 20% more at the cathode 
end resulting in a total maximum variation of about 45%; in contrast there is no 
significant variation perpendicular to the anode cathode axis (Carlton et al. 1992 p. 150- 
151). The anode heel effect is prominent when large field sizes are used at short focal 
object distances. The effect also increases as X-ray target angle decreases (Eastman 
Kodak 1980 p. 21-22) and with prolonged use of the X-ray tube due to pitting of the 
anode (Wilks 1981 p. 285- 286). This effect could produce a discrepancy in optical 
density of 0.55 on the anode end and 0.84 on the cathode end on a film with exposure 
made at 30 inches focal film distance and the collimator opened as wide as possible 
(Burns 1992 p. 87-91). The anode heel effect is often deliberately exploited in the 
radiography of anatomical structures having large differences in thickness or density. In 
general, positioning the cathode end of the X-ray tube over the thicker part of the 
anatomy provides a more uniform radiographic density on the film (Curry et al. 1990 
p. 18-19). 
In terms of radiation protection of patients, the anode heel effect may in some X- 
ray examinations have a dose difference implication in critical organs/tissues when the 
patient lying on the X-ray couch is positioned with the head oriented either towards the 
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anode or the cathode end of the X-ray tube. Critical organ doses from X-ray 
examinations listed in NRPB Report 186 are calculated using the Monte Carlo technique 
which assumes an isotropic distribution of X-ray intensity from the output of the X-ray 
tube, and ignores the anode heel effect (Jones et al. 1986 p. 7- 8,17). It is evident that 
appropriate use of this effect may reduce the dose to critical organs in some common 
radiological examinations. This study was set up to evaluate possible dose differences in 
critical organs of patients due to the anode heel effect in these two patient orientations. 
Lumbar spine radiography was selected for this purpose since this is a very commonly 
requested X-ray examination which involves a relatively high patient exposure with 
significant dose delivered to the gonads; also the beam field size along the cathode-anode 
axis is relatively large which results in substantial intensity variations along the body of 
the patient. 
The specific objectives of this study were: 
1. to investigate the radiation intensity variation across the central X-ray beam due to 
the anode heel effect along the cathode-anode axis, and along the line perpendicular 
to this axis and 
2. to quantify the difference in absorbed dose to critical organs/tissues in lumbar spine 
X-ray projections for the two possible patient orientations along the tube axis. 
Critical organs/tissues studied included gonads (testes/ovaries), breasts, thyroid and 
lens of the eyes. 
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5.4 MATERIALS AND METHOD 
This work was carried out at the X-ray laboratory of the Hong Kong Polytechnic 
University. A Rando phantom (Radiology Support Devices Inc., US) instead of real 
patients was used in this study. 
X-ray projections from the phantom were taken with a medium frequency X-ray 
unit (Toshiba, KXO-30R) which was installed in 1997. Quality assurance tests for this 
unit are performed regularly with a non-invasive X-ray test device (4000M Victoreen, 
US). These tests include output reproducibility, kVp accuracy and kVp reproducibility. 
Recent results confirmed the very good performance of this X-ray source with the 
coefficient of variation for all these tests less than 2%. The collimator was also tested 
and showed very good alignment with the X-ray beam. The Curix (Agfa Gevaert) 
Universal screen/cassette with the Curix XP films were used in this study. An air- 
equivalent ionisation chamber (MDH 2025 RadCal, US) with a volume of 3 cm3 was 
used for radiation intensity profile tests and for calibration of TLDs over the diagnostic 
range of X-ray energies. This ion chamber system was calibrated annually by the 
manufacturer with technique traceable to US national standards. Calibration accuracy, 
energy dependence and repeatability are claimed to be within ± 4%, ± 5% and ±1 % 
respectively. 
The TLD reader system (Rialto, NE Technology, U. K installed in 1994) 
described in chapter 3 together with some high sensitivity TLDs of LiF: Mg, Cu, P were 
used for dose measurement in critical organ/tissue locations. The TLDs were supplied by 
Harshaw Co in the form of round sintered disc-shaped pellets of dimensions 4.5 mm 
diameter and 0.8 mm thickness. The linearity (dose-response) of these TLDs was tested 
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in previous experiments in the range between a few µGy to a few mGy and the results 
showed a good linear fit with the coefficient of determination (R2) equals 0.99. A new 
batch of these TLDs was initialised by 10 cycles of thermal treatment in an oven 
(Thermolyne Furnace 47900, Thermolyne Co. US). For each thermal treatment the TLDs 
were heated to 240 °C and maintained at that temperature for 10 minutes, followed by 
cooling to room temperature in natural draught. Energy response tests for the TLDs were 
carried out over the diagnostic X-ray energy range of 40-150 kVp using the X-ray unit 
and the ionisation chamber system. The calculated mean response of the TLDs from 40- 
100 kVp was taken as the calibration factor in this study since in this case the TLDs 
received X-ray doses mainly from scattered radiation with the peak voltage set between 
80 and 96 kVp for all the projections taken. 
The measured air dose was converted to tissue dose using a conversion factor of 
1.06; this is the ratio of the mass energy absorption coefficients of tissue and air over the 
range of photon energies used (Jones et al. 1986 p. 7-8,17). The TLD reader for these 
high sensitivity TLDs was set to preheat at 135 °C for 8 seconds, followed by readout for 
19 seconds at 240 °C and a heating rate of 12 °C per second. This was followed with a 
machine anneal of 240 °C for 90 seconds. For TLDs which received a high dose from 
direct beam exposure, the anneal cycle was repeated three times to ensure minimum 
residual dose retained from last exposure. 50 TLDs were selected from the initialised 
batch, all with the homogeneity (sensitivity variation) within 5% of the mean response. 
The relative sensitivity of these TLDs was determined and individual calibration factors 
were calculated. Dose readings from these TLDs were estimated to be reliable within 
±10% with individual calibration. 
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Two horizontal profiles of radiation intensity (one along and one perpendicular to 
the central cathode-anode axis) were measured with the 3 cm3 air ion chamber at 5 cm 
intervals. Five repeated exposures were made at each location and the mean was 
recorded. The X-ray beam field size of 52 cm x 52 cm measured on the X-ray table and 
the focal-object (table) distance of 100 cm were set. 
Lumbar spine radiographic projections were performed using the Rando phantom 
in the standard Antero-posterior (A. P. ) and lateral projections. Dose measurement started 
when satisfactory radiographs were achieved with good normal collimation and adequate 
diagnostic film density. TLD pellets were used to measure the radiation absorbed dose at 
various sites in the phantom corresponding to critical organs/tissues (ovaries, testes, 
breasts, thyroid and lens). Each location was measured by a group of 5 TLD pellets and 
the mean readout value was recorded. For ovaries, breasts and lens, doses at both the 
right and left sides were measured. For dose measurement at testes, breasts, thyroid and 
lens, TLDs were put at the appropriate locations on the surface of the phantom. Each 
TLD was inserted in a labelled small plastic sachet for individual identification. For dose 
measurement of the ovary, TLDs were inserted with vacuum tweezers in a sequential 
order of labelled TLDs at the pre-determined ovarian site in slice 29 of the phantom. 
This site is determined based on the fact that the ovary is situated at the level of the iliac 
spine (interspinous plane) immediately medial to the vertical plane (Makears et al 1980 
p. 81) and within the true pelvis against its lateral wall (Hamilton 1977 p. 435). 
The whole set of projections were performed in two phantom orientations, first 
with the phantom head placed towards the cathode end of the X-ray tube, and then in the 
reverse direction (phantom head towards anode end). Ten exposures were made for each 
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projection to improve the readout statistics from the TLDs since except for the ovaries, 
all other critical tissues/organs are outside the primary beam. One set (5) of TLDs was 
put on the surface of the phantom at the central beam for entrance skin dose (ESD) 
measurement. One single exposure was made for entrance skin and ovarian dose 
measurements. 
5.5 RESULTS 
Tables 5.1 and 5.2 show the radiation intensity (air dose) readings at 5 cm 
intervals along and perpendicular to the central cathode-anode axis respectively using an 
X-ray field size of 52 cm x 52 cm at the X-Ray table surface. Figures 5.1 and 5.2 are the 
graphical presentations of these data. From Table 5.1 and Figure 5.1, it can be seen that 
relative to the centre of the field the air-dose increases gradually at the cathode side up to 
a maximum of +9%, whereas it drops away remarkably towards the anode end of the 
tube by as much as 55 % on the far side of the beam. 
Data in Table 5.3 is derived from Table 5.1 and it shows that the "cathode end" to 
"anode end" air-dose ratio at the extremities of the beam along the cathode-anode axis 
was found to be 1.78 for a field length size of 40 cm. This ratio drops to 1.12 as the field 
length size decreases to 10 cm. From Table 5.2 and Figure 5.2, it can be seen that 
perpendicular to the cathode-anode axis the air-dose profile remains relatively flat 
throughout with a very gentle drop on either side of the centre before falling away more 
steeply as the field boundaries are approached. Figure 5.3 is the radiograph of the pelvis 
of the phantom, demonstrating the assumed location of the ovary in this study. 
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Fig 5.1 Radiation intensity profile (air dose/µGy) along the central 
cathode-anode axis in the X-ray beam of size 52 x 52 cm (Exposure factor is 80 
kVp & 10 mAs). 
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Fig 5.2 Radiation intensity profile (air dose / µGy) along the line 
perpendicular to the cathode-anode axis at the centre of the X-ray beam of field 
size 52 cm. x 52 cm (Exposure factor is 80 kVp & 10 mAs). 
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Table 5.1 Radiation intensity profile (air dose in µCyy) along the central 
cathode -anode axis in the X-ray beam of field size of 52 cm x 52 cnn 
Exposure: 80 kV, ) 10 mAs 
Distance /5 cm 
interval 
Mean Air Dose / jGv (S. D. ) 
(from 5 repeated exposures) 
Relative Air Dose 
(take centre point as I) 
-8 I (0) 
-7 4(0) 
-6 3 (0) 
-5 24 (0) 
-4 386 (0.5) 0.81 
-3 519 (0.7) 1.08 
-2 523 (0.5) 1.09 
-1 509 (0.5) 1.06 
0 479 (0.7) 
1 454 (0.7) 0.94 
2 409 (0.5) 0.85 
3 338 (0.5) 0.71 
4 216 (0.7) 0.45 
5 11(o) -- 
6 4(0) 
7 1 (0) 
8 1 (0) 
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Table 5.2 Radiation intensity profile (air dose/ µ(; y) along the line 
perpendicular to the cathode-anode axis at the centre of the X-ray 
beam of field size 52 cm x 52 cm. 
Exposure: 80 kV,, 10 mAs 
Distance /5 
cm interval 
Mean Air Dose / µGy (S. D. ) 
(fron 5 repeated exposures) 
Relative Air Dose 
(take centre point as 1) 
-7 3 (0) 
-6 12(0) 
-5 34(0) 
-4 387 (0.5) 0.77 
-3 479 (0.7) 0.96 
-2 490 (0.7) 0.98 
-1 502 (0.5) 1.00 
0 500 (0.7) 1.00 
1 499 (0.5) 1.00 
2 495 (0) 0.99 
3 484 (0.5) 0.97 
4 454 (0.7) 0.91 
5 40(0) 
6 12 (0) 
7 6(0) 
Figure 5.3 shows the lateral and A. P. projections of the lumbar spine of the 
phantom. Tables 4 and 5 show the radiation dose received by critical organs for the two 
projections of A. P. and lateral of the lumbar spine. In lumbar spine radiography, it can be 
seen in Tables 5.4 and 5.5 that with the feet of phantom placed towards the cathode end 
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of the X-ray tube, the ovaries and testes receive an average dose 16 '%o and 27 `)/o higher 
respectively in the AT projection, and 17 % and 12 % higher respectively in the lateral 
projection, than those obtained in the reverse orientation. In contrast, the mean doses 
received by the breasts, thyroid and lens were slightly less in both projections with the 
feet of the phantom facing the cathode end. All the dose differences in the both tables are 
statistical significant (p<0.05) with the paired samples 
T 
-test 
by the "SPSS" statistic 
software. 
Table 5.3 Comparison of air dose at edges of the beam with different beam 
size along cathode-anode axis (data extrapolated from Table 5.1) 
Exposure: 80 kV,, 10 mAs 
Field size along 
Cathode anode axis / cm 
Air (lose ratio 
cathode end / anode end 
10 1.12 
20 1.27 
30 1.53 
40 1.78 
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Fable 5.4 Radiation dose received at critical organs/tissue in .l nilc'rcº-Po. cirrior (11'. 
) 
projection of the lumbar spine 
Exposure: 80 kV,, 67.4 mAs Beam field size on skin: 14 cm x 24 cm 
Entrance skin dose: 9.06 mCv 
Critical 
Organs/tissue 
Mean Dose / µCy 
(1)Feet towards (2)Feet towards 
anode cathode 
Dose 
Difference/p(i), 
(2)-(1) 
Dose 
difference 
1(2)-(I)I/(l )x 100'%, 
Ovaries 1147 1329 182 15.8 
Testes 20.5 26.1 5.6 27.3 
Breasts 53.1 51.9 -1.2 -2 ; 
Thyroid 6.2 5.5 -0.7 
Eyes 3.2 3 -0.2 -6. 
Table 5.5 Radiation dose received at critical organs/tissue in the lateral projectio 
of the lumbar spine. 
Exposure: 96 kV,, 120 mAs Beam field size on skin: 11 cm x 20 cm 
Entrance skin dose: 28.81 mCy 
Critical Mean Dose / µGy Dose Dose 
Organs/tissue (1)Feet towards 
anode 
(2)Feet towards 
cathode 
Difference/ iGy 
(2)-(1) 
difference 
{(2)-(1)}/(1)xI011'%, 
Ovaries 2259 2644 385 17 
Testes 30.5 34- 3.5 -W IS 
Breasts 86 83 -3 -3.5 
Thyroid 3.9 3.5 -0.4 -10.3 
Eyes 4.8 4.2 -0.6 -12.5 
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Fig 5.3 Radiograph of the pelvis of the Rando phantom. The position for the site 
of the right ovary is indicated in slice 29 of the phantom. The white metal pointer was 
put on the surface of the phantom to indicate the centre of the X-ray beam. 
Fig 5.4 Lateral and A. P. projections of the lumbar spine of the Rando phantom. 
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5.6 DISCUSSION 
The results shown in Tables 5.1 and 5.3 and in Figure 5.1, in this study have 
demonstrated the great variation of X-ray intensity along the central cathode-anode axis 
of the X-ray beam. This result is in broad agreement with other published measurements 
(Eastman Kodak 1980 p. 21-22; Burns 1992 p. 87-91; Curry et al. 1990 p. 18-19; Bushong 
1997 p. 1 17-118). Small variations may be due to the difference in anode target angle and 
age of X-ray tubes used. General speaking the results shows that when the biggest beam 
field size is used, e. g. for abdomen X-ray using a 43 cm x 35 cm film, the X-ray intensity 
increases gradually in the cathode direction to a maximum of about 9% before dropping 
rapidly by 19% near the field edge, whereas towards the anode side, the intensity 
declines continuously from the centre of the field by up to 55% near the field boundary. 
The derived data in Table 5.3 gives some useful information for the general 
practice of radiography. Even with a small X-ray field length of 10 cm, there still an X- 
ray intensity difference of 12% at both edges. This quickly jumps to 27 %, 53% and even 
78% at beam length of 20 cm, 30 cm and 40 cm respectively. These field sizes are 
commonly used ones. If the exposures are made with radiosensitive organs situated 
nearer to the cathode end of the tube, some avoidable additional radiation will be 
delivered to those tissues. The level of dose added will depend on the beam size and the 
actual amount of exposure given. The radiation profile along the line perpendicular to the 
cathode-anode axis of the central beam is rather flat with only a very slight gradual drop 
from the centre towards either side. This slight variation has practically no significance 
in radiography since the maximum beam width used is seldom greater than 35 cm, as is 
used in abdomen X-rays. 
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The entrance skin dose and the dose received by various critical organs/tissue in 
both projections in this study are similar to previously published mean dose figures 
(Plaut 1994 p. 36-37). The use of faster film-screen combinations will definitely lower 
the overall delivered dose to the patient. Results from Tables 4 and 5 clearly illustrate 
well that in lumbar spine radiography, radiosensitive organs receive higher doses when 
they are placed near the cathode end of the X-ray tube due to the anode-heel effect. In 
lumbar spine radiography the centre of the X-ray beam passes between the gonads on 
one side and the breast, thyroid and eyes on the other side so that with any one of the two 
projections and in whatever cathode-anode orientation, there will always be a situation in 
which organs on one side receive more dose while at the same time organ/s on the other 
side receive less dose. However, when considering organs closer to the central beam or 
even within the direct beam, the anode-heel effect will have an important impact on the 
dose distribution. For example taking lumbar spine radiography in the case of a female 
patient, data from Tables 4 and 5 show that the ovaries receive 190 µGy and 386 pGy 
more in the A. P. and lateral projections respectively with the patient's feet oriented 
towards the cathode than that received in the reverse orientation. 
In the same situation, the breasts, thyroid and eyes receive smaller doses with a 
total reduction of no more than about 4 µGy in both A. P. and lateral projections. 
Furthermore the ovary is deemed the most radiosensitive organ and has the highest tissue 
weighting factor of 0.2 in the calculation of effective dose (ICRP 60 1991 p. 36-37). 
When considering a male patient for the projections since the testes are not in the direct 
beam, the overall effective dose reduction is relatively very low and in the order of less 
than a few µGy. 
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The use of high sensitivity TLDs of LiF: Mg, Cu, P (also known as GR200 or 
TLD1OOH) enabled the detection of very low dose levels at the positions of some of the 
critical organs in the phantom. These results indicate that the Rando phantom data could 
be validated in some degree by placing TLD discs at accessible locations on a real 
patient. Previous tests in this laboratory showed that these TLDs have a minimum 
detection limit of 0.05 µGy and this phosphor has a sensitivity more than 25 times than 
that of the conventional of LiF: Mg, Ti, commonly known as TLD100. Individual 
calibration for dose measurement in this study improved the detection accuracy by a few 
percent. Ten exposures for each projection delivered enough dose to these TLDs for 
good accuracy at the readout, for example, the lens received about 40 µGy after 10 
exposures of the lateral projection and each exposed TLD produced around 5,000 
readout units in the TL Reader above the background which averages about 50 readout 
units. 
5.7 CONCLUSION 
The anode-heel effect can be exploited by placing the head of a female patient 
towards the cathode end of the X-ray tube to achieve a significant dose reduction to the 
ovaries and hence a lower effective dose in lumbar spine radiography. There is a smaller 
testes dose reduction benefit for male patients. The thyroid, breast and lens on the other 
hand receive a very small amount of dose increase with this X-ray tube orientation. 
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CHAPTER 6 APPLICATION STUDY (II) 
CHEST RADIOGRAPHY 
6.1 TITLE OF STUDY 
Investigation of the effect of beam energy variation on gonad dose of patient in 
chest radiography. 
6.2 SUMMARY 
Optimisation of X-ray beam energy (kVp) in radiological examinations can 
minimise patient dose. This research aims to investigate the effect of kVp variation on 
gonad doses of patients in PA (postero-anterior) chest X-ray examinations. This study 
was carried out using a Toshiba general purpose X-ray unit and a Rando phantom. Dose 
measuring equipment used included an ion chamber system, a DAP (dose-area product) 
meter and a TLD (Thermoluminescent Dosemeter) reader system with high sensitivity 
TLD pellets of LiF: Mg, Cu, P for low level gonad dose measurements. PA chest 
exposures of the phantom to produce a constant exit dose were made using standard low 
kVp (range: 60-100 kVp) non-grid and high kVp (range: 95-150 kVp) grid techniques. 
ESDs (entrance surface doses) and DAPs were also included in the measurements. EDs 
(effective doses) were computed from ESD (entrance surface dose) and DAP 
measurements using NRPB-R262 and X-DOSE software. 
Results show that with the low kVp technique both ovary and testes doses increase 
with increasing kVp; statistically significant correlations, of r=0.994 (p = 0.0006) and r 
= 0.998 (p = 0.001) were found respectively, and for both organs doses increase at the 
rate of approximately 2% per kVp. With the high kVp technique, there is no significant 
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correlation between gonad doses and kVp. When comparing patient doses with typical 
exposures made at 70 kVp (low kVp non-grid technique) and 120 kVp (high kVp grid 
technique), the high kVp technique delivers significantly higher values for ESD, ovary, 
testes and effective doses by factors of 1.7,5.2,5.5 and 2.7 respectively. 
6.3 INTRODUCTION 
In the United Kingdom, man-made radiation accounts for 14% (0.37 mSv) of the 
average annual dose to the population from all sources of radiation (NRPB 1998 p. 12), 
and diagnostic X-ray examination of patients comprises the largest contribution among 
ý-PsM 
the various medical uses of radiation (NRPB 1998 p. 12; UNSCEAR 1993 p. 228; 1, 
NRPB, COR. 1992 p. l-9,14). The investigation of dose reduction methods in diagnostic 
radiology has always been a primary aim of radiation protection research. The National 
Radiological Protection Board (NRPB) in the UK has proposed 28 methods for reducing 
doses to patients from X-ray examinations, such as using the most sensitive film-screen 
combination, optimisation of exposures, use of digital imaging equipment, and improved 
procedural techniques (NRPB 1990 p. 36-37). The NRPB has recently introduced the new 
"achievable dose" concept to supplement the previous suggestion of "reference dose 
level" to promote further dose reduction in diagnostic radiology (NRPB 1999 p. 7-13). 
Chest X-ray examination is the most frequently performed radiological procedure 
accounting for 25% of all radiological examinations in the U. K. Even though the patient 
dose is relatively low, a large population is involved and this has contributed to 2% of 
ZPsM 
the UK collective effective dose from all medical and dental X-ray examinations (li, 
NRPB, COR. 1992 p. 1-9,14). Previous surveys have shown a very wide range of patient 
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2PSH 
dose from chest X-ray examinations (I M, NRPB, COR. 1992 p. 1-9,14). The reference 
dose level proposed by the NRPB for chest X-rays is 0.3 mGy for ESD and this is set in 
the hope of improving the situation by recommending this as the investigation dose level 
for clinical centres (NRPB 1999 p. 7-13). 
Many studies in the past have demonstrated various ways of reducing patient 
dose in chest X-ray examinations such as the appropriate use of X-ray tube filters and 
fast film-screen systems (NRPB 1990 p. 36-37). Careful choice of X-ray tube voltage 
(kVp) for patient exposure can reduce patient dose. Both high kVp and low kVp 
techniques are commonly used in chest X-ray examinations. The high kVp technique is 
more commonly used in countries such as the U. S and the Netherlands whereas the low 
kVp technique is still widely practised in many centres in the U. K (Warren-Forward et al. 
1996 p. 755-761; Warren-Forward et al. 1995 p. 1221-1229). 
The final chest X-ray interpretation is usually performed by radiologists and there is 
still no consensus among them regarding the appropriate kVp to be used for chest 
radiography. There are pros and cons for both techniques. A low kVp exposure produces 
a high-contrast film-image, with soft tissue pathological shadow and calcification being 
more clearly seen than on a high kVp film. On the other hand, although a high kVp 
exposure produces a lower contrast image, it also results in increased visualisation of 
hidden areas of the lung due to better penetration of overlying structures (Sutton 1998 
p. 299-301). In chest radiography, with the use of a higher kVp, the X-ray photons are 
more penetrating, enabling more photons to reach the film thus causing an increase in 
overall film density; to allow for this the integrated tube current (mAs) needs to be 
reduced in order to maintain a similar diagnostic film density. This results in reduced 
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skin dose but, depending on the site involved, critical organ doses may still be increased 
due to scattered photons which are of higher energies and these could reach remote out- 
of-beam tissues/organs to deliver unintended dose there (Plaut 1993 p. 70). 
Since there is a gradual loss of contrast in the final image with increasing tube 
voltage, Wootton l993 p. 61) suggested selecting the highest tube voltage 
consistent with an acceptable image quality. During radiography of subjects using a high 
kVp (e. g. >100 kVp) exposure setting, more forward scattered photons are generated 
which would deteriorate image quality, so it is common practice to use an anti-scatter 
grid in front of the film to remove this scattered radiation. However the use of a grid 
blocks part of the transmitted primary beam which consequently requires a larger 
quantity of X-ray photons to be generated from the X-ray tube. This is accomplished by 
increasing the integrated tube current (mAs) usually by a factor of between 3 and 6 (grid 
factor) in order to attain the normal diagnostic film density (Bushong 1997 p. 218-219, 
Curry et al. 1990 p. 103-104), which results in a3 to 6 fold increase in patient dose. 
Since at present both high and low kVp chest X-ray images are still acceptable to 
radiologists, with a trend towards using the high kVp technique, careful selection of the 
appropriate tube voltage to deliver a lower patient dose is crucial in line with the 
optimisation principle in radiation protection of patients as advocated by the ICRP (ICRP 
1977 p. 29-30 ICRP 1991 p. 8,29-30). Gonads (testes and ovary) are deemed the most 
radiosensitive tissues, which consequently have the highest tissue weighting factor of 0.2 
in the calculation of whole body effective dose from radiation exposures (ICRP 1991 p. 8, 
29-30) and it is essential to minimise any radiation dose to these tissues. Previous studies 
have shown that there is a significant reduction of skin and gonad doses under the direct 
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X-ray beam with increasing tube potential for constant exit dose (ICRP 1969 p. 20-21). 
Although gonads are outside the exposed field in chest X-rays it would be very useful for 
clinical radiographers to know how and to what extent the gonad (ovary and testes) doses 
vary with tube voltage in chest radiography with both the high kVp and low kVp 
techniques. This knowledge will aid the safest kVp exposure selection consistent with 
acceptable image quality. 
In 1985, NRPB published report NRPB-R186, which uses the Monte Carlo 
technique to provide useful data for the estimation of organ doses from knowledge of 
ESDs for common diagnostic radiological examinations (Jones et al. 1986 p. 7-8; 17). 
This was followed by the more recent publication NRPB-SR262, which provides 
conversion coefficients for the estimation of effective doses from ESD and DAP 
measurements in common X-ray examinations (Hart et al. 1994). However the data 
generated from these documents is based on a hypothetical model, with the limitation of 
rigidly defined beam field sizes and focal object distances, and data are provided only up 
to 120 kVp. In realistic clinical situations for chest radiography, the beam collimation and 
focal subject distance usually vary and nowadays tube potentials up to 150 kVp may be 
used with modem X-ray units. The phantom study presented here provides a realistic 
update of gonad doses measurement with varying kVp settings. No similar research has 
been performed in the past in this field of study mainly due to the difficulty of measuring 
the low-level peripheral doses encountered in diagnostic radiology. 
LiF: Mg, Ti is the most commonly used conventional thermoluminescent 
dosemeter (TLD) for dose measurement in this field on account of its good dosimetric 
characteristics but its dose detection threshold is relatively high at about 50 µGy 
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(McKinlay 1981 p. 56-57). This present study has become feasible with the advent of the 
recently developed high sensitivity TLD material LiF: Mg, Cu, P which has very 
favourable dosimetric characteristics such as, much higher light output per unit dose, 
linear dose response, low fading and low dose detection threshold (McKeever et al. 1995 
p. 55-60). This material, which has become commercially available in recent years, can in 
the form of TLD pellets, be placed inside a body phantom for deriving low-level organ 
doses. 
The main aim of this research was to measure and quantify the variation of gonad 
(testes and ovary) doses with different realistic kVp settings using low and high kVp 
techniques for PA chest radiography. Other dose measurements for each corresponding 
kVp exposure were also made including ESDs and DAPs. ED is a more meaningful dose 
parameter to estimate cancer risk (ICRP 1991 p. 8,29-30) and this was computed from 
the measured ESDs and DAPs using the NRPB-R262 (Hart et al. 1998) and X-Dose (Le 
Heron 1994) software 
6.4 MATERIALS AND METHOD 
This work was carried out at the X-ray laboratory of the Hong Kong Polytechnic 
University. A Rando phantom described in chapter 1 was used in this study instead of 
real patients. Figure 6.1 shows the Rando phantom placed in front of the vertical bucky 
stand, which holds the moving anti-scatter grid. Chest X-ray projections from the 
phantom were taken with a medium frequency general purpose X-ray unit (Toshiba, 
KXO-30R Minato-ku, Tokyo, Japan) which was installed in 1997. Quality assurance 
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tests for this equipment are performed regularly with a non-invasive X-ray test device 
(4000M Victoreen, USA) as described in chapter 5 (p. 97). The beam-limiting collimator 
was also tested and showed very good alignment with the X-ray beam. The X-ray tube 
has an inherent filtration of 0.7 mm Al, together with beam limiting device filtration of 
1.7 mm Al plus an additional 1 mm Al filter, giving a total filtration of 3.4 mm Al. A 
DAP meter (Model M2, PTW Co., Freiburg, Germany) which is shown in figure 6.2 was 
mounted at the tube collimator to measure DAPs for all the different exposures made. 
The film-screen combination used in this study was the Kodak X-omatic cassette 
with the Lanex standard screen and the Kodak general purpose green (MXG-1) film 
(Eastman Kodak Co., Rochester, NY USA). A 90 second automatic processor (Fuji 
FPM-2800, Minato-ku, Tokyo, Japan) was used to process the exposed phantom chest 
films. A densitometer (Model 07-443, Victoreen Co., Cleveland, OH USA) was used to 
measure the optical density of the phantom chest X-ray films. An air ionisation chamber 
(MDH 2025 RadCal, Monrovia CA USA), described in chapter 5 (p. 97) with a volume 
of 3 cm3 was used for ESD measurement and for calibration of TLDs over the diagnostic 
range of X-ray energies. 
The TLD reader system (Rialto, NE Technology, Reading, U. K) together with 
some high sensitivity TLDs of LiF: Mg, Cu, P (described in chapter 5 , p. 97) were used 
for 
dose measurement in gonad-equivalent locations. A new batch of these TLDs was 
initialised by an external oven (Thermolyne Furnace 47900) similar to that described in 
chapter 5 (p. 97-98). Energy response tests for the TLDs were carried out over the 
diagnostic X-ray energy range of 40-150 kVp using the X-ray unit and the ionisation 
chamber system. The calculated mean response of the TLDs from 50-150 kVp was taken 
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as the calibration factor in this study since in this case the TLDs received X-ray doses 
mainly from scattered radiation with the peak voltage set between 60 and 150 kVp for all 
the projections taken. 
The measured air dose was converted to tissue dose using a conversion factor of 
1.06; this is the ratio of the mass energy absorption coefficients of tissue and air over the 
range of photon energies used (Jones et al. 1986 p. 7-8; 17). The readout regime set at the 
TLD reader for these high sensitivity TLDs was similar to that described in chapter 5 
(p. 98). Fifty T. L. dosemeters were selected from the initialised batch, all with 
homogeneity (sensitivity variation) within 5% of the mean response. The relative 
sensitivity of these TLDs was determined and individual calibration factors were 
calculated. Dose readings from these individually calibrated TLDs were estimated to be 
reliable within ±10%. 
Chest X-ray exposures were performed with the low kVp technique (non-grid) 
using the Rando phantom in the standard PA (postero-anterior) position. The chest front 
of the phantom was placed up against the film-loaded cassette, which was held in a 
vertical position by a cassette holder. The focal film distance used was 180 cm and the 
X-ray beam was collimated to 31 cm x 33 cm size on film to just include the normal lung 
field area as in a standard chest X-ray projection. A tube potential of 70 kVp was set 
initially to achieve a chest image of normal diagnostic density which corresponds to a 
film O. D. (optical density) of 1.7 over the lower lung field of the chest. This was done 
by trial and error with different exposures made by adjusting the X-ray tube integrated 
current (mAs value) at the control panel. After achieving good quality images at 70 kVp, 
the ESD and the exit dose of the phantom were measured along the central X-ray beam 
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using the 3 cm3 ionisation chamber. The DAP reading was taken from the DAP meter 
which was mounted at the tube collimator. 
Gonad dose was measured with LiF: Mg, Cu, P. T. L. pellets placed at appropriate 
sites within the phantom. For testes dose determination, the T. L. dosemeters were put on 
the surface of the phantom at the testes location. For dose measurement at the ovary, T. L. 
dosemeters were inserted by vacuum tweezers in a sequential order of labelled TLDs at 
the pre-determined ovarian site in slice 29 of the phantom. This position is determined as 
described in chapter 5 (p. 99). 5 T. L. pellets were used at each measurement site. Due to 
the very low level gonad doses expected, and in order to deliver accurately measurable 
doses to the TLDs, 5 sequential exposures were made each time using 10 times the 
normal mAs value, so in total 50 times the normal patient exposure was used for each 
simulated gonad dose. Similar exposures were made up to 100 kVp in 5 kVp steps for 
ESD and DAP measurements, and 10 kVp steps for gonad dose measurement. Each 
measurement is made for the same phantom exit dose, achieved by appropriate integrated 
tube current (mAs) adjustment. 
A similar procedure was followed with the high kVp technique using the vertical 
bucky (moving anti-scatter grid with grid ratio of 12: 1). The automatic exposure control 
(AEC) was used for the high kVp technique so that constant exit dose (determined by the 
AEC) was used for each dose measurement. Initially, the sensitivity control of the AEC 
was adjusted to produce a phantom chest film with the same normal density as in the low 
kVp technique (i. e. film OD equals 1.7). Exposures were then made using the same fixed 
AEC sensitivity setting from 95 to 150 kVp in steps of 5 kVp for ESD and DAP 
measurements and steps of 10 kVp for gonad dose measurements. 
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CHAPTER 6: APPLICATION STUDY (]I) CHEST RADIOGRAPHY 119 
6.5 RESULTS 
Figure. 6.3 and 6.4 show respectively the chest radiographs of the Rando 
phantom with the standard low and high kVp techniques. The two films are of the same 
normal diagnostic film OD (optical density) of 1.7 measured at the same region of the 
lower lung field by the densitometer. The exit air dose required to produce the same film 
density for low and high kVp techniques was determined to be 4 µGy and 19 AGy 
respectively. Table 6.1 shows the effect of kVp on various doses using the low kVP 
technique in the 60-100 kVp range. The measured doses include the ESDs, DAPs and 
GDs (gonad doses). The EDs were computed from ESD and DAP measurements using 
NRPB-SR-262 and X-dose software; GDs were also computed for comparison with the 
measured values. Table 6.2 shows the effect of kVp on these same doses using the high 
kVp technique in the 95-150 kVp range. The effect of kVp variations on these dose 
parameters is better illustrated by graphical presentation of the data in tables 6.1 and 6.2. 
Figure. 6.5-6.10, and figure. 6.11-6.16, illustrate the results for low and high kVp 
techniques respectively. Linear and non-linear regression curves are generated where 
appropriate by Sigma Plot software Ver. 4 (SPSS Inc. Chicago, IL USA) using the curve 
fit function. Statistical correlation tests were performed using the SPSS software Ver. 9 
(SPSS Inc., IL USA). For the low kVp technique, the curves shown in figure 6.5-6.7 have 
similar shapes and these show the fall in mAs, ESD and DAP values with increasing 
kVp; this effect is most marked for lower kVp settings. A similar trend is shown in figure. 
6.11-6.13 for the high kVp technique. Figure. 6.8 shows the variation of gonad dose with 
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Fig. 6.3 Chest radiograph of the Rando phantom with the standard low kVp 
technique and the exposure parameters shown. 
120kVp 3mAs 
Fig. 6.4 Chest radiograph of the Rando phantom with the standard high 
kVp technique and the exposure parameters shown. 
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Lo" k%' Technique 
High kV Technique 
kVp for the low kVp technique; kVp shows positive linear correlations with gonad doses 
(ovary: r=0.994, p=0.0006; testes: r=0.998, p=0.001). Both ovary and testes doses 
increase at a rate of approximately 2% per kVp. For the high kVp technique there is only 
a weak correlation, figure 6.14, between kVp and gonad doses (ovary: r=0.767, p= 
0.0745; testes: r=0.812, p=0.05), and doses for both organs vary little over the whole 
kVp range. Figure. 6.9 illustrates the effect of kVp on EDs with the low kVp technique. 
There are fairly weak negative correlations between kVp and EDs (derived from ESD 
and DAP measurements): (ED [ESD]: r=-0.9, p=0.001; ED [DAP]: r=-0.887, p= 
0.01). Figure. 6.15 shows more significant negative correlations between kVp and EDs 
using the high kVp technique (ED [ESD]: r= -0.997, p=0.000; ED [DAP]: r= -0.998, p 
= 0.000). DAPs and EDs show very marked linear variations with kVp for both low and 
high kVp techniques (low kVp: r=1, p=0.00; high kVp: r=0.997, p=0.00001) as 
illustrated in figures 6.10 and 6.16. 
From tables 6.1 and 6.2, the GD (gonad dose) ratio (between ovary and testes 
doses) is shown in the last column. The ratio for any kVp exposure falls in the narrow 
range of 3.6 to 4.2 for both techniques. Table 6.3 extracts data from tables 6.1 and 6.2 to 
compare the various dose parameters for typical exposures made at 70 kVp (low kVp non- 
grid technique) and 120 kVp (high kVp grid technique). From this table, the ESD, ovary 
dose, testes dose and ED (from ESD data) for the 70 kVp technique were found to be 
98.8 µGy, 0.073 µGy, 0.019 µGy and 10.5 pGy respectively, whereas for the 120 kVp 
technique, these were 168 . tGy, 0.38 pGy, 0.105 pGy and 28.2 µGy respectively; the 
corresponding dose ratios are 1.7,5.2,5.5, and 2.7. The relative ED/ESD ratio between 
120 kVp and 70 kVp is 1.6. 
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Fig. 6.11 Variation of mAs with W. (High kV Technique) 
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6.6 DISCUSSION 
Figures. 6.5-6.8 and 6.11-6.13 show mAs, ESD and DAP falling with increasing 
kVp in a similar non-linear manner. Fits to these data yield equations, which can be used 
to extrapolate or predict the mAs, EDS and DAPs from any selected kVp in standard 
situations. This may prove useful for estimating these parameter values with a given kVp 
for a given technique, equipment and film processing situation. 
This study has provided useful information for the selection of the appropriate 
technique (high or low kVp) and for kVp selection in realistic situations. As shown in 
figure. 6.8, for the low kVp technique, both the ovary and testes doses increase with kVp 
at the rate of about 2% per kVp. So a higher kVp selection will produce a lower ESD 
(figure. 6.6) but gives rise to a higher ovary or testes dose and a slightly lower ED (from 
figure 6.9). However there is minimal overall benefit to the patient since the decrease in 
ESD is compromised by the increase in gonad dose. However the final decision should 
be made by reference to the actual ED received at a particular kVp exposure since ED is 
the best indicator for cancer risk estimation. From the shape of the ED curve shown in 
figure. 6.9, ED values are somewhat higher below 70 kVp, so the selection of an X-ray 
tube potential below 70 kVp is not recommended since this will deliver a high ESD and 
overall higher ED to the patient. A compromise is to select the tube voltage between 70 
and 90 kVp. However other factors need to be considered, such as the film contrast 
requirement, since a higher kVp will produce a lower contrast film, thus deteriorating the 
diagnostic value. 
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The situation is totally different when the high kVp technique is employed. As 
shown in figure. 6.14, there is little variation in the gonad dose over the whole kVp 
range, so the selection of kVp will be dictated instead by the ED variation with kVp 
shown in figure. 6.15. There is a difference in ED values extracted from DAP and ESD 
as shown in figures 6.9 and 6.15. This may be due to the difference in the X-ray beam 
field on film (31 cm x 33 cm) used in this study as compared to that from the Monte 
Carlo mathematical simulation which assumes a 32 cm x 40 cm field (Jones et al. 1986 
p. 7-8; 17, Hart et al. 1994). The discrepancy of ESD values between the beam size 
employed in this study and that used in the NRPB calculation would be small. However 
there will be a bigger discrepancy in the DAP readout if there is a substantial difference 
in the beam area. The beam area ratio between that used in the NRPB simulation and 
that used during this study is 1.25, so the calculated ED will be proportionally smaller 
since DAP is a reading from the air-dose recorded multiplied by the beam area. In 
addition, the NRPB report quoted a potential error of 17 % in converting DAP readout to 
ED (Hart et al. 1994) for PA chest X-ray examinations. 
In this mode a higher kVp selection is recommended since this will deliver both a 
lower ED and a lower ESD. Since a grid is always used in the high kVp technique and 
the film contrast could be maintained throughout the kVp range, this suggests using the 
highest possible kVp available from the X-ray units, such as 150 kVP. 
The next important practical question to be addressed is: " which is the better 
technique, high or low kVp"? If the film image quality is equally acceptable from both 
techniques, the answer is to take the low kVp technique since this will definitely deliver 
significantly lower patient doses. Comparing patient doses with typical exposures made 
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at 70 kVp (low kVp non-grid technique) and 120 kVp (high kVp grid technique), the ESD, 
ovary dose, testes dose and ED for the 70 kVp technique were found to be 98.8 µGy, 
0.073 µGy, 0.019 µGy and 10.5 pGy respectively, whereas for 120 kVp technique, these 
were 168 pGy, 0.38 pGy, 0.105 µGy and 28.2 pGy respectively. From a radiation 
protection of point of view, in this typical case, the high kVp technique is not 
recommended in chest radiography since this delivers significantly higher ESD, ovary, 
testes and effective doses by factors of 1.7,5.2,5.5 and 2.7 respectively. 
The main reason for higher patient doses with the high kV technique is the use of 
the grid, which is required in order to absorb forward scattered photons to improve film 
contrast. In order to compensate for the loss of X-ray intensity arriving at the film the 
integrated tube current (mAs) needs to be increased by a factor of between 3 and 6. As a 
result patient dose is inevitably increased by a similar amount. In a practical scenario 
when a pregnant woman requires a chest X-ray, probably the best choice is to use the 
low kVp technique at 70 kVp, which minimises the overall dose to the foetus. 
In this study gonad doses were obtained both from TLD measurements and by 
computation from ESD and DAP measurements; this latter method is only valid up to 
120 kVp. The experimentally derived testes doses were very small under all exposure 
conditions. With the low kVp technique, table 6.1, the ovary dose computed from ESD 
measurements is 0.1 µGy from 60 to 100 kVp compared to a range of 0.064 . tGy to 0.116 
pGy from the TLD measurements. The computer program probably rounds results to the 
nearest 0.1 . tGy. However, for such small doses, this is quite acceptable. A similar 
situation also occurs in the high kVp technique results shown in table 6.2. This study was 
able to differentiate very low dose levels below 0.1 p. Gy with this TL dosimetry 
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technique. There is a discrepancy between the EDs computed from EDSs and DAPs as 
shown in tables 6.1 and 6.2. This may be due to the difference in beam field size that was 
actually used in this study compared to the field size specified by software using the 
Monte Carlo technique. 
There are many factors that affect patient doses in chest radiography, such as the 
film screen combination employed, film processor developer temperature, types of filters 
and anti-scatter grids with different grid ratios (NRPB 1990 p. 36-37). For example, if a 
different film screen combination system had been used for this study, such as the Agfa 
Curix Universal standard screen with the Agfa STG2 film also available in this 
laboratory, the dose levels would have been doubled due to the slower speed of that 
recording system, which is about half that of the Kodak system actually used. The 
various doses recorded in this study result from an integrated image recording system 
which is a combination of different equipment (X-ray unit, grid and screen-film type and 
film processor) with commonly used exposure factors. 
The dose values may be used as reference for chest radiography in future quoting 
the equipment and exposure technique used. In this study, the ESDs for low and high 
kVp techniques (from tables 6.1 and 6.2) ranged from 0.06 mGy to 0.13 mGy and 0.1 to 
0.25 mGy respectively. These dose values are in line with the NRPB reference dose of 
0.3 mGy and 0.2 mGy which was the third quartile dose interval from national surveys 
performed in 83-85 and 88-95 respectively (Hart et al. 1995). The effective dose from 
this study ranged from 0.01 to 0.036 mSv for both techniques and this also agrees well 
with the published typical effective dose of 0.02 mSv in the U. K. (Wall et al. 1997 
p. 437-439) 
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The use of high sensitivity TLDs of LiF: Mg, Cu, P enabled the estimation of very 
low ovary and testes doses from chest radiography. Previous tests in this laboratory 
showed that these TLDs have a minimum detection limit of 0.05 . tGy and this phosphor 
has a sensitivity more than 25 times than that of the conventional of LiF: Mg, Ti, 
commonly known as TLD100. Individual calibration used in this study enables the dose 
measurement accuracy to be improved by a few percent. 50 exposures for each 
projection delivered enough dose to these TLDs for accurate thermoluminescent light 
output measurements during readout. For example, the testes site at 120 kVp exposure 
receives about 5 µGy after 50 exposures in the PA projection, and for this dose each 
exposed TLD produced an output reading of about 600 units in the TL Reader compared 
with a background of 50. 
6.7 CONCLUSIONS 
The very low level gonad doses in PA chest radiography were successfully 
measured using the high sensitivity TLD pellets of LiF: Mg, Cu, P which have a very low 
dose detection threshold. The effect of kVp exposure variation on gonad doses was 
shown in tables and illustrated graphically in both high and low kV techniques. 
The ovary to testes dose ratio falls within a narrow range of 3.6 to 4.2 for any kVp 
exposure in both techniques. With the low kVp technique, kVp correlates well with both 
ovary and testes doses and both these doses increase with kVp at a rate of 2% per kVp in 
the range of 60 to 100 kVp. With the high kVp technique, there is no appreciable 
variation of both gonad doses in the range of 100 to 150 kVp. ESDs and DAPs have 
CHAPTER 6: APPLICATION STUDY (II) CHEST RADIOGRAPHY 136 
shown a very significant correlation in both low and high kVp technique ranges. 
Measured ESDs and EDs in this study agree with UK reference doses. 
Dose comparison with two typical exposures at 120 kVp and 70 kVp, show that 
the high kVp technique delivers a higher ESD, ovary dose, testes dose and ED by a factor 
of 1.7,5.2,5.5, and 2.7 respectively. Hence, from a radiation protection perspective, a 
high kVp technique (with grid) for PA chest radiography is not recommended. 
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CHAPTER 7 APPLICATION STUDY (III ) 
CT AND CR PELVIMETRY 
7.1 TITLE OF STUDY 
Foetal dose comparison of two digital X-ray pelvimetry techniques by computed 
tomography and computed radiography 
7.2 SUMMARY 
The use of computed radiography (CR) has grown in recent years and is 
renowned as a low radiation dose technique. The objectives of this study were to 
construct a realistic full term maternal phantom with appropriate foetal tissue simulation 
and to use it to compare foetal doses in CT (Computed Tomography) and CR pelvimetry. 
This study was performed using a Rando phantom and high sensitivity TLD pellets of 
LiF: Mg, Cu, P. Water bags of appropriate size and thickness were put on the phantom to 
simulate a full term pregnant patient. This modified phantom was based upon the 
measured data from a survey of 30 ante-natal full term CT pelvimetry cases. TLD pellets 
were put between the water bags and within the phantom for foetal dose measurements. 
Exposures of the phantom were made by a General Electric CT unit and a Philips general 
purpose X-ray unit together with a Fuji CR system using routine pelvimetry protocols. 
Initial work was performed for both CT and CR techniques to determine the lowest 
possible exposure parameters to give the image quality which is just adequate for 
anatomical identification and dimensional measurements. These exposure parameters 
were then used during the foetal dose comparisons. 
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Results show that the total mean foetal dose in CR pelvimetry was 3.4 times 
higher than that by the CT technique using only AP and lateral projections. When a full 
axial slice tomogram was also included in the CT protocol, the mean total foetal dose 
was 10% higher than in CR pelvimetry. 
7.3 INTRODUCTION 
Ante-natal radiological pelvimetry has been a traditional technique which provides 
valuable information on pelvic dimensions for obstetricians to decide as to whether 
caesarean section instead of vaginal delivery is indicated with particular value in cases of 
breech presentation, previous caesarean section, or anticipated cephalopelvic 
disproportion (Ikhena et al. 1999 p. 463-465). This radiological examination is still cc.. rrie-L 
oc,, t despite a trend of reducing numbers of requests in recent years. Ikhena et al. 
emphasised that pelvimetry should only be performed if its results will influence the 
mode of delivery (Ikhena et al. 1999 p. 463-465). Radiation dose to patients is always a 
concern in radiological examinations, particularly in the case of pregnant women, and 
every effort should be made to reduce foetal dose to a minimum in X-ray pelvimetry in 
line with the ALARA principle of radiation protection (ICRP 60 1990, ICRP 26 1977). 
With the advance in imaging technology, the conventional high dose screen-film 
technique has been gradually been replaced in the past decade by low dose digital 
techniques. These digital techniques include single-view CT, DSI (digital spot imaging) 
and CR (Wright et al. 1995 p. 528-530; Federle et al. 1982 p. 733-735; Suramo et al. 
1984 p. 261-263; Adam et al. 1985 p. 327- 330; Claussen et al. 1985 p. 287-292; Davidson 
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et al. 1986 p. 62-66; Dobson et al. 1988 p. 613 18-19; Arozoo et al. 1989 p. 64-67; Moore 
et al. 1989 p. 265-267; Ferguson et al. 1996 p. 260-269; Kheddache et al. 1998 p. 275- 
278). All digital pelvimetry techniques offer the distinct advantage of post image 
processing, which enables electronic measurements to be made directly on the display 
monitors. 
CT pelvimetry has the additional advantage of higher efficiency with better 
patient comfort despite possible geometric measurement errors, which can be corrected 
(Kheddache et al. 1998 p. 275-278; Smith et al. 1991 p. 787-789; Wiesen et al 1991 p. 259- 
262). Since the early 1980s, many studies have compared CT pelvimetry with the 
conventional screen-film method; these have supported the more sophisticated technique 
on grounds of dose reduction, and even smaller doses could be achieved if the axial slice 
for bi-ischial diameter measurement was abandoned (Davidson et al. 1986 p. 62-66; 
Dobson et al. 1988 p. 613 18-19). Studies by Wiesen et al. and Fung et al. have also 
shown that a further dose reduction is achievable if conventional scout scanning by 
antero-posterior (AP) is replaced by the postero-anterior (PA) approach (Wiesen et al 
1991 p. 259-262; Fung et al. 1997 p. 155-158). Wright et al. and Badr et al performed 
dose comparison studies in pelvimetry with CT and DSI (digital spot imaging) 
techniques (Wright et al. 1995 p. 528-530; Badr et al. 1997 p. 136-141). Wright found 
greater dose reduction in DSI but the result from Badr et al was inconclusive due to the 
variable additional dose given to patients during fluoroscopic positioning. 
Recently, there has been a dramatic increase in the installation of CR units in the 
radiology departments of new hospitals and private practises in Hong Kong, and older 
conventional X-ray imaging systems are slowly being replaced by CR units in 
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established centres. This is mainly due to the gradual introduction and development of 
the picture archival and communication system (PACS) in radiology departments. CR 
images are digital in nature and can be displayed and transferred very efficiently, and 
stored electronically in computer disks like CT and MR images, with radiologists 
interpreting images displayed on screens (soft read) rather than by viewing hard copies. 
With the advance in technology, CR has developed rapidly in recent years. This 
is a much more efficient imaging method with many advantages over the conventional 
film-based system. The CR system uses imaging plates (instead of screen-film cassettes) 
that utilise energy-storing phosphor particles to provide extra high sensitivity and useful 
spatial resolution. A CR imaging plate (IP) consists of photo-stimulable phosphors and is 
sometimes called a "storage phosphor plate" (SPP); CR is also called "photo-stimulable 
phosphor computed radiography" (PPCR). The X-ray information is recorded on the 
imaging plate, then read out via a scanning laser beam and converted into digital data. 
The imaging plate is erasable for reuse. With computer data manipulation at the post 
processing stage, sharper images can be produced which enhances diagnostic capabilities 
(Cowen et al. 1993 p. 332-345). The use of highly sensitive imaging plates results in 
reduced patient exposure. Some recent studies have shown that with the use of the CR 
technique, significant patient dose reduction can be achieved as compared with the 
conventional screen-film X-ray imaging method (Murphey et al. 1992 p. 19-27; Marshall 
et al. 1994 p. 353-359; Marshall et al. 1994 p. 478-484; Kalmar et al. 1994 p. 818-823; 
Lindhardt 1996 p. 175-185), together with almost zero "film reject" rate (Lindhardt 1996 
p. 175-185 ). 
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Since in X-ray pelvimetry, physicians are concerned mainly with the 
measurements of landmarks and not the bony anatomical detail, a slightly mottled and 
noisy image is acceptable provided the anatomical landmarks for measurements could be 
adequately visualised, and this contributes to a further possible dose reduction in CR 
pelvimetry. A recent study was performed by Kheddache et al. (1998) on a dose 
comparison between CR, DSI and conventional film-screen pelvimetry. The energy 
imparted to a normal adult size phantom was deduced from skin entrance dose 
measurements. A 50-70 % dose reduction could be achieved with both digital 
techniques. Both single-view CT and CR pelvimetry are recognised as low dose 
techniques and both modalities have become more widely available in most radiology 
departments. 
The main objectives of this study were to construct a realistic full term maternal 
phantom with appropriate foetal tissue simulation, and to compare the foetal dose in CT 
and CR pelvimetry. The results from this study would provide valuable knowledge for 
radiologists by enabling them to choose the lower patient dose technique from CT or CR 
pelvimetry. 
7.4 MATERIALS AND METHOD 
This research was performed at the department of radiology of the North District 
Hospital, Hong Kong which is a new (opened in 1998) district hospital installed with 
state of the art facilities. The CT unit (Hi-speed CT/i, GE Medical System, Milwaukee, 
Wisconsin, USA), a CR unit (FCR5000 Fuji Photo Co. Minato-ku Japan), and a general 
purpose X-ray unit (Bucky Diagnost TH, Philips MS Co. Eindhoven,, Netherlands) were 
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used in this study. A female Rando body phantom (Radiology Support Devices Inc., 
Long Beach USA) was modified with water bags to simulate the maternal patient. 
Figures 7.1 and 7.2, respectively, show the simulated maternal phantom on the CT 
gantry, and on the general X-ray table for the lateral projection and Figure 7.13 shows 
the Fuji CR Reader Unit. 
A TLD reader system (Rialto, NE Technology, Reading, U. K) installed in the 
radiation physics laboratory of HKPU in 1994, together with some high sensitivity TLDs 
of LiF: Mg, Cu, P, (described in chapter 5, p. 9%) was used for dose measurements. A new 
batch of these TLDs was initialised with an external oven (Thermolyne Furnace 47900) 
using the method which was described in chapter 5 (p. 97-98). The measured air dose 
was converted to tissue dose using a conversion factor of 1.06; this is the ratio of the 
mass energy absorption coefficients of soft tissue and air over the range of photon 
energies used (Jones et al. 1986 p. 7-8; 17). The TLD reader for these high sensitivity 
TLDs was set to a heating rate of 12 °C s 1, with a preheat zone of 135 °C for 8 seconds, 
followed by readout for 19 seconds at 240 °C. 100 TL pellets were selected from the 
initialised batch, all with sensitivities lying within 5% of the mean response. 
An air ionisation chamber (MDH 2025 RadCal, Monrovia, CA, USA), described 
in chapter (p. 97) with a volume of 3 cm3 was used for calibration of TLDs at the X-ray 
energy used in this study. For calibration, 10 of this batch of high sensitivity TL pellets 
were exposed in free air at the same level and location along with the 3 cm3 air-filled ion 
chamber using the Philips X-ray unit set to 120 kVp. The calibration factor was 
calculated after readout. Dose readings from these TLDs were estimated to be reliable 
within ± 15% at 95 % confidence level with batch calibration in this study. 
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Fig. 7.1 Simulated full term maternal phantom on the couch of the CT Unit. 
Fig. 7.2 Maternal phantom on the couch of the general purpose X-ray unit 
for the lateral projection using a horizontal X-ray beam and a vertically placed 
CR imaging plate (IP). 
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Transparent Dow Ziploc plastic storage bags (33 cm x 38 cm) were used and 
filled with the appropriate amount of water to simulate foetal tissues. Figures 7. I and 7.2 
show the CT and X-rays units together with the female Rando phantom plus water bags. 
Estimation of foetal size 
An initial survey was carried out on 30 randomly selected antenatal CT 
pelvimetry cases at full term. From each of the lateral scout scans, measurements were 
made along a vertical line perpendicular to the table at vertebral level of 5"' lumbar 
vertebra (L5) which included the antero-posterior diameter (APD) of the mother, the top 
and bottom levels of the foetus (foetal thickness) [FT], and the skin to foetus distance 
(SFD). Vertebral level L5 was chosen since this level corresponds to the maximum 
patient thickness with the patient in a supine position and the maximum vertical foetal 
tissue thickness would be included along this vertical plane. The foetal thickness along 
the APD was calculated by subtracting the foetal bottom level from the top level. These 
average foetal size data were used to determine the dimensions of the maternal/foetus 
phantom. Table 7.1 shows the results from the survey. The mean APD, mean FT and 
mean SFD were found to be 37.1 cm, 14 cm and 4.3 cm respectively. 
Table 7.1 Average foetal size result from the survey of 30 CT lateral scouts of CT 
pelvimetry cases. 
Measurement Parameter (at L5 level) Dimension (SD) / cm 
Mean APD (Antero-posterior diameter) 37.1 (2.5) 
Mean SFD (skin to foetal distance) 4.3 (1.3) 
Mean FT (fetal thickness) along APD 14 (2) 
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Maternal Phantom Simulation 
Two Ziploc storage bags (33 cm x 38 cm size) were filled with tap water. The 
amount of water used for each bag produced the required thickness dimensions with the 
upper and lower layers being 4.5 cm and 7 cm respectively; 3.5 and 2.5 litres of water 
were put in the upper and lower bag respectively. These water bags were then placed 
symmetrically on the phantom with their centres along midline of the phantom at the 
level of L5 and with the longer side running along the body of the phantom. Two more 
water bags each containing 0.5 litres of water were put on the phantom along either side 
of the two bigger bags to get a smoother maternal phantom surface contour. Figure 7.3 is 
a sectional diagram showing the set-up. Table 7.2 gives the dimensions of the simulated 
maternal phantom and Table 7.3 shows the foetal tissue simulation. This maternal 
phantom simulation followed that designed in the study by (Fung eta! 1997). 
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Fig. 7.3 Schematic sectional drawing of the maternal phantom. The two 
water bags were put on the Rando phantom and Groups 1,2 &3 indicate the 
TLD pellets sites to measure entry, central and exit foetal doses respectively. 
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Table 7.2 Maternal phantom simulation at L5 level 
Measurement Parameter Dimension / cm 
Phantom API) at L5 level 
- 
26 
----- Top water bag thickness (SFD) 4.5 
Lower water bag thickness 7 
Total thickness (phantom and water bags) 37.5 
Table 7.3 Foetal tissue thickness simulation along APD at L5 level 
Measurement Parameter Dimension / cm 
Lower water bag thickness 7 
Rando phantom material thickness (below water bag) 
6 
Total foetal thickness simulation 13 
Exposures of this maternal phantom were begun using the CT unit. Before 
exposures were made, the centre of rotation (COR) of the CT unit in relation to the 
phantom anatomy was checked. The COR was set by adjusting the table level together 
with the position of the phantom so that the maximum transverse diameter (MTD) 
measured with the AP scout view was the same as that measured with the PA scout view. 
It was found that the COR was achieved at a centring level 2.5 cm below the greater 
trochanter of the phantom. Exposure trials were made for the AP, PA and lateral scout 
scans at 120 kVp with the lowest milli-amperage (mA) value to give marginally 
acceptable images, i. e. being just adequate for anatomical landmarks identification for 
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pelvic measurements. These exposure parameters were used for dose measurements. The 
acceptability of the images was judged by two experienced radiographers, with particular 
attention given to confident identification and visualisation of the antero-inferior aspect 
of the 5t" fixed sacral segment which is an important landmark for the pelvic outlet 
measurement (Dobson et al. 1988 p. 613 18-19). 
Then TLD pellets were sited at various locations for the dose measurements. 
TLDs were divided into 3 groups of 5 pellets. The locations are illustrated in Figure 7.3. 
Each group of TLD pellets was put into a small black plastic sachet for locations Gp 1 
and Gp 2. For location Gp 3, TLD chips were directly inserted into the matrix of holes 
inside the phantom. As shown in Figure 7.3, TLD groups 1,2 and 3 monitored the entry 
foetal dose, the central foetal dose, and the exit foetal dose, respectively. Maternal 
entrance skin dose and doses along the beam within the phantom below the 3 locations 
were also measured. Doses at locations along the mid-phantom in the lateral scan were 
also measured. Then the phantom was exposed to the CT scout-scanning beam at a speed 
of 7.5 cm per second. Ten times the minimum acceptable mAs exposure values were 
used to increase the readouts from the TLDs to improve the dose measurement accuracy. 
A full axial CT-slice at the ischial spine level was also scanned for the 
measurement of bi-ischial diameter. A similar procedure was followed for pelvimetry 
imaging with the general purpose X-ray unit and the CR system in the AP and lateral 
projections. Exposure trials were made at 117 kVp to achieve minimum acceptable 
images just adequate for appropriate anatomical identifications for pelvic measurements. 
117 kVp was used instead of 120 kVp since the control panel could only allow either 117 
kVp or 125 kVp to be set and 117 kVp is the nearest value. As before, ten times these 
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lowest mAs values at 117 kVp were employed for dose measurements in both 
projections, and the lateral projection was made with a stationary grid using a horizontal 
X-ray beam. 
7.5 RESULTS 
From the survey of 30 antenatal CT pelvimetry cases, the mean antero-posterior 
diameter (APD) and skin to foetal distance (SFD) were found to be 37.1 cm and 4.3 cm 
respectively and the mean foetal thickness was 14 cm. These data with their uncertainties 
are shown in Table 7.1. Table 7.2 lists the dimensions of the simulated maternal 
phantom. The Rando phantom thickness at L5 level was 26 cm, and together with the 
upper and lower waters bags of 4.5 cm and 7 cm thickness respectively, gives a total 
maternal thickness of 37.5 cm. The top water bag thickness represented the skin to foetal 
distance (SFD) and the lower bag represented the upper portion of the foetal tissue. Table 
7.3 shows the simulated foetal tissue thickness was 13 cm, being equal to the total of the 
lower water bag (7 cm) and anterior phantom material (6 cm). Figures 7.4-7.7 show the 
optimum and minimum exposures of CT scout scans in AP and lateral projection 
respectively. In Figure 7.6, cursors 1 and 2 indicate the dimensions measured for the 
pelvic inlet and outlet of the birth passage. 
Figure 7.8 shows the CT slice image at the ischial spine level. Figures 7.9-7.12 
show the optimum and minimum exposures in the AP and lateral projections with the CR 
technique respectively. Table 7.4 gives the minimum exposures in both CT and CR 
projections. Table 7.5 is a summary of the comparison of entry, central, exit and mean 
foetal doses for all the projections made by the CT and CR techniques. 
CHAPTER 7: APPLICATION STUDY (III) CT AND CR PELVIMETRY 149 
With the CR pclvimetry technique, the mean foetal dose was frond to he 45.5 
FtGy and 4 11 FtGy in the AT and lateral projections respectively. In C'I' pelvimetry, the 
mean foetal dose was 20.7 µGy and 19. E µGy in the AP and Lateral scout scans 
respectively and an additional foetal dose of 112.7 µGy was recorded with one axial ("F 
slice obtained at the ischial spine level. Foetal dose was reduced to 3.2 tGy with PA 
(instead of A. P) scanning in CT pelvimetry. 
The total mean foetal dose in CR pelvimetry was 3.4 times higher than that given 
by the CT technique when only both AP and lateral projections were considered. 
However, when the axial tomographic slice was also included in the ('T protocol, the 
total mean foetal dose in CR pelvimetry was actually lower by 10'('). 
Table 7.4: Minimum exposure parameters for AP and lateral projections. 
Modality Projection kVp mA mAs 
CT AP/ PA scout 120 10 
Lateral scout 120 30 
Axial slice 120 250 
CR AP 117 0.5 
Lateral 117 3.2 
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Fig. 7.4 CT AP (antero-posterior) scout view of the maternal phantom 
with the optimum exposure (120 kVp, 100 mA) 
Fig. 7.5 CT AP scout view of the maternal phantom with the minimum 
exposure (120 kVp, 10 mA). The film is mottled and noisy but the pelvic rim 
could still be located for the maximum transverse diameter measurement. 
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phantom with the optimum exposure (120 
kVP 
, 
120 mA). Cursors 1&2 indicate the 
dimensions measured for the pelvic inlet 
and outlet of the birth passage. 
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i 
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W. 
phantom with the minimum exposure (120 
kVp 
. 
30 mA). The film is mottled and 
noisy but the last sacral segment could 
just be identified for pelvic outlet 
measurement. 
Fig. 7.8 CT axial tomogram of the maternal phantom 
at the bi-ischial spine level. 
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Fig. 7.6 
CT lateral scout view of the maternal 
Fig. 7.7 
CT lateral scout view of the maternal 
Fig. 7.9 CR AP projection of the maternal phantom with the optimum 
exposure (85 kVp 9 40 mAs). 
11 
_ý _. 
Fig. 7.10 CR AP projection of the maternal phantom with the minimum 
exposure (117 kVp , 0.5 mAs). The film is mottled and noisy but the pelvic rim 
could still be located for the maximum transverse diameter measurement. 
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Fig. 7.11 
CR lateral projection of the maternal 
phantom with the optimum exposure (85 
kVp, 50 mAs). Anatomical landmarks for 
the pelvic inlet and outlet measurements 
are well visualised. 
Fig. 7.12 
CR lateral projection of the maternal 
phantom with the minimum exposure (117 
kVp, 3.2 mAs). The film is mottled and 
noisy but the last sacral segment could 
just be identified for pelvic outlet 
measurement. 
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Fig. 7.13 Computed Radiography Unit at the North District Hospital. 
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Table 7.5: Foetal dose comparison of ("I' and C'R pclvimctry 
Relative 
Dose / tCy (CR or CT) Mean Dose 
Projection Location 
CR CT Dose 
a. AP b. PA (('T) Ratio CR/('T 
A P/PA 
AP Entry 9 3.5 3$. 9 0.75 
Central 29 15.9 2.5 
Exit 14.5 7.2 6.36 
Mean 45.5 20.7 3.2 6.5 2.2 (AI) 
Lateral Entry 10.2 7.1 
Central 73.9 19.9 
Exit 194.1 31.5 
Mean 92.7 19.5 4.8 
Axial Entry 74.9 
Central 127.4 
Exit 135.6 
Mean 112.7 
-- ----- Tota1 ---- - - ---- -- 
r. AP & Lat only 138.2 40.2 3.4 
Incl. CT axial 152.9 0.9 
7.6 DISCUSSION 
Many previous studies have published maternal or foetal doses in CT pelvimetry 
but it is difficult to directly compare their results since different CT equipments and 
phantoms have been used and various dosimetric definitions were adopted, such as mean 
maternal dose, foetal gonad dose and average foetal dose. The majority of studies 
employed TLDs while Claussen et al. used a ionisation chamber dosemeter (Federte et 
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al. 1982 p. 733-735, Suramo et al. 1984 p. 261-263, Adam et al. 1985 p. 327- 330, 
Claussen et al. 1985 p. 287-292, Davidson et al. 1986 p. 62-66, Dobson et al. 1988 p. 613 
18-19, Arozoo et al. 1989 p. 64-67, Moore et al. 1989 p. 265-267, Ferguson et al. 1996 
p. 260-269, Kheddache et al. 1998 p. 275-278, Fung et al. 1997 p. 155-158). Table 7.6 is a 
summary of published results along with those from this present study. The foetal doses 
for AP and lateral scout scans measured here are close to those obtained by (Claussen et 
al. 1985 p. 287-292). 
No similar previous study has been published of foetal dose measurement with 
CR pelvimetry to compare with these results. Kheddache et al. compared the total energy 
imparted to a normal size pelvic phantom by conventional film-screen, CR and digital 
fluoroscopic methods. They showed that dose savings of 50-70% were achievable by 
both digital techniques when compared with the conventional method. The digital 
fluoroscopic method is relatively inconvenient in practical situation and very often 
additional dose is delivered to the patient during fluoroscopic positioning (Badr et al. 
1997 p. 136-141). 
The maternal phantom simulation was designed after a local survey of data from 
30 lateral scanograms of CT pelvimetry cases at full term, which has provided realistic 
foetal dimensions. Due to the technical difficulty of providing fixed holes (for TLD 
pellets insertion) throughout the entire phantom matrix, the simulated foetal tissue 
thickness was constructed to be 13 cm instead of 14 cm from the survey data. This was 
considered a minor difference and would have little effect on the results. Ideally, more 
TLD pellets should be used and spread over more locations to cover a bigger volume to 
better represent the foetal dose distribution and the doses could then be averaged from all 
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the measurements. However this would require large quantities 01' '11 1) pellets to 
produce a complete set of dose measurements for all the desired pro, icctions in ("I' and 
CR exposures. 
Table 7.6 Summary of published literature on CT I)el%'imctry (loses 
Authors 
Dose / µGy 
Projeclioiz 
CT Equipment 
and 
Year Published 
AP Lateral Axial 
Ferderle [5] * 220 220 3800 GE 8800 1982 
Suramo [6]$ 23 33-66 1410 Somatom 2 (Siemens) 1984 
Claussen [8]@ 24 24 - Somatom 2 (Siemens) 1985 
Adam [7]# 370 - - CGR CE 10000 1985 
(2 views) 
Moore [12] ýi), 210-350 - 2150 GF 9800 1989 
(2 views) 
Morris [15]@ 300 110 E 9800 1993 
Fung [ 18]@ 102 105 
E HiSpeed 
Advantage 1997 
Present study@ 20.7 19.5 113 rF HiSpeed CT/I 2000 
* Average absorbed dose 
$ Maternal ovarian dose 
@ Average foetal dose 
# Foetal gonad dose 
In this study, only the entry, central and exit foetal doses along the central X-ray 
beam were measured and the mean foetal dose calculated. Dose measurement with this 
method should be adequate, since there would be only small variations in dose at 
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locations in the same plane perpendicular to the X-ray beam, as shown by (Moore et al. 
1989 p. 265-267). Despite these limitations the main objectives of this study have been 
achieved by comparing the two digital techniques using the same maternal phantom and 
the same dosimetry method in both situations. 
The results in Table 7.5 showed that CT pelvimetry with PA instead of AP 
scanning could reduce the average foetal dose from 20.7 pGy to 3.2 pGy, a 6.5 fold 
reduction. A similar study by Fung et al. (1997 p. 155-158) showed a reduction by a 
factor of 10. The foetal dose measured in that earlier study was bigger due the higher 
mAs values used which were higher by factors of 4 and 1.3 in the AP and lateral scans 
respectively. When the average total foetal dose is considered the dose reduction 
measured in this study agrees well with the study by Wiesen et al. who concluded that 
there would be an overall 50 % dose reduction with the PA instead of AP scout scanning 
technique when the lateral scan dose was included (Wiesen et al. 1991 p. 259-262). 
In this study, for CT pelvimetry, comparing foetal dose between AP and PA 
scanning, it was crucial that both PA and AP scans were performed with the table height 
adjusted so that the maximum transverse diameter (MTD) of the phantom pelvis is at the 
centre of rotation (COR) of the CT unit. If the MTD was not located at COR, there 
would be geometric measurement inaccuracy and this would also affect the dose 
measured (Wiesen et al. 1991 p. 259-262). When care is taken, PA scanning is always 
recommended for its greater foetal dose reduction by this technique at no additional cost 
in time or effort. 
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The use of high sensitivity TLDs of LiF: Mg, Cu, P in this study enabled the 
detection of the very low dose levels on and inside the phantom especially in the PA CT 
scanning. Previous tests in this laboratory showed that these TLDs have a minimum 
detection limit of 0.05 µGy as this phosphor has a sensitivity more than 25 times than 
that of the conventional of LiF: Mg, Ti. The relatively poor sensitivity of TLD100 gives 
correspondingly lower output during readout, rendering a less reliable measurement and 
this was a particular problem in the previous study by Fung et al. (1997). 
Individual calibration for dose measurements if carried out could have improved 
the detection accuracy by a few percent but this would have required substantial extra 
effort when such a large quantity of TLD pellets is used. Ten times the minimum 
acceptable exposure was used for each projection. This delivered enough dose to these 
high sensitivity TLDs for accurate readout; for example, a 10 p. Gy dose recorded by a 
TLD produced a reading of 1200 units in the TL reader above the background of about 
50. The high sensitivity and low detection threshold capability is particularly important 
for the low level dose measurement in the PA scans, and less than 1 µGy for entry foetal 
dose becomes measurable when ten times the exposure required to produce the minimum 
acceptable images for pelvimetry is used for the TLD measurements the minimum 
exposure is used. 
With rapid technological changes, MRI has now been applied in obstetrics 
including pelvimetry, giving very good resolution and no radiation dose (Levine et al. 
1999 p. 609-617, Thomas et al. 1998 p. 293-295, Sprri et al. 1997 p. 902-908, Van Loon et 
al. 1997 p. 20-27, Tukeva et al. 1997 p. 230-234). However the availability of MRI 
scanners is still limited in many centres. Thomas et al. did a survey covering 227 
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hospitals between 1993 and 1996 and found that there was a move towards low dose 
techniques with a small proportion of centres using MRI (4%), but the majority of 
centres (80%) used single-view lateral CT scanograms (Thomas et al. 1998 p. 293-295). 
This study has shown that CR pelvimetry even with digital enhancement by post- 
processing still delivers 3.4 times as much foetal dose as the single-view CT technique 
when only AP and lateral projections are considered. However, when an axial slice scan 
at the ischial spine level was included in CT pelvimetry, the total dose was about 10% 
higher than the CR technique. With the recent rapid development of PACS there is a 
trend to increased use of digital imaging techniques and hence a growth in the 
installation of CR units in clinical centres. In clinics where CT is not available, CR 
pelvimetry is always the recommended and preferred technique as compared to the 
conventional screen-film method for its advantages of convenience of application, zero 
reject rate for exposure errors and relatively low patient dose delivery. 
7.7 CONCLUSIONS 
A realistic full term maternal phantom was constructed using a Rando phantom 
fitted with water bags. The maternal and foetal size data were obtained from a local 
survey of 30 lateral CT scanograms of ante-natal full term pelvimetry cases. At vertebral 
level L5, the mean antero-posterior diameter and skin to foetal distance were found to be 
37.1 ± 2.5 cm and 4.3 ± 1.3 cm respectively and the mean foetal thickness was 14 ±2 
cm. 
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The entrance, mid and exit foetal doses, which would be incurred in CT and CR 
pelvimetry even employing the minimum exposures required to just achieve acceptable 
images for pelvic measurements, were derived from measurements with high sensitivity 
LiF: Mg, Cu, P TLD pellets. 
With the CR pelvimetry technique, the mean foetal dose was found to be 45.7 
p. Gy and 92.7 µGy in the AP and lateral projections respectively whereas for single-view 
CT pelvimetry, these were 20.7 p. Gy and 19.5 p. Gy in the AP and Lateral scout scans 
respectively, but an additional foetal dose of 112.7 pGy was recorded with a single one 
axial CT slice obtained at the ischial spine level. 
Mean foetal dose was found to be further reduced to 3.2 µGy by employing PA 
(instead of AP) scanning in CT pelvimetry. The total mean foetal dose in CR pelvimetry 
was 3.4 times higher than that by the CT technique when only AP and lateral projections 
were considered. When the axial slice was also included in the CT protocol, the total 
mean foetal dose was 10% higher than in CR pelvimetry. From the foetal dose 
perspective, single-view CT should always be the imaging modality of choice if this is 
available rather than CR in X-ray pelvimetry, and PA scanning should always be 
adopted. 
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CHAP TE(. 8 APPLICATION STUDY (IV) 
LENS DOSE IN CT BRAIN EXAMINATION 
8.1 TITLE OF STUDY 
Lens dose reduction with bismuth eye-shields in CT brain studies 
8.1 SUMMARY 
There has been a rapid increase in the use of CT as a diagnostic imaging tool in 
the past decade and CT examinations are a major source of population exposure from 
medical X-rays. Dose reduction techniques have always been encouraged in CT studies 
and the use of bismuth eye-shields will reduce lens dose during CT brain studies. The 
objectives of this study are to quantify the lens dose reduction with the use of bismuth 
eye-shields in a CT brain examination and to evaluate the effect of this on image quality. 
This study was performed at the Radiology Department of the Ruttonjee 
Hospital, Hong Kong using the helical CT scanner and a Rando head phantom. High 
sensitivity thermoluminescent (T. L. ) dosemeters of LiF: Mg, Cu, P in the form of small 
pellets were used in this study. These pellets were placed on surfaces of both eyes of the 
phantom for lens dose measurements. Brain scans were performed with and without 
bismuth eye shields using typical exposure parameters and standard scanning protocol. 
Brain images with eye-shield application were evaluated for any change in CT numbers 
at various sites of the brain compared to those obtained without eye-shield application. 
Results show that there is a statistically significant difference between the mean 
lens dose in CT brain scanning with and without eye-shield application (paired t-test 
t=24.8 p=000). A lens dose reduction of 57 % from 23.7 ± 0.8 mGy to 10.1 ± 0.4 mGy 
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was achieved with the application of bismuth eye-shields. Some mild streak artefacts 
were observed in the regions immediately under the eye-shield in the images. There was 
an average increase in CT number of 8.6 H (Hounsfield units) at brain tissue sites under 
the eye-shield, but no significant change of CT number was recorded at sites beyond the 
eye-shield shadow. 
The use of bismuth eye-shields can significantly reduce lens dose in a CT brain 
examination with only a slight loss of image quality and a minor change of CT number 
for brain tissue at brain sites underneath the eye-shield. Application of these eye-shields 
is recommended for all non-trauma patients and cases in which orbital pathologies are 
not suspected. 
8.2 INTRODUCTION 
Since the first clinical demonstration of CT imaging in London in the early 
1970s, the technique has expanded world-wide to become not only an integral part of 
diagnostic radiology but also a major source of population exposure from X-ray 
examinations (Clark 1998, p. 5). Thomson and Tingey (1997) reported, in their study of a 
national survey of CT practice in Australia, that there were in total 332 CT scanners in 
operation in 1994 in Australia with 19 scanners per million population, 60 CT 
procedures per 1,000 population and a mean effective dose of 6.6 mSv per examination. 
They speculated that CT studies might account for about half of the total population dose 
from all diagnostic radiological examination in Australia. There is a slightly different 
situation in the U. K. The number of CT scanners in the U. K. has risen steadily to a 
plateau of about 370 in 1995. This is about one third of the density of CT scanners in 
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Australia but CT practice might now contribute around 40% of the collective dose to the 
U. K. population from all medical X-ray examinations whilst representing 4% of the total 
number of procedures (Shrimpton et al. 1998). There is an urgent need to establish dose 
reduction techniques and strategies in order to ensure the effective and efficient use of 
CT (Thomson and Tingey 1997). The National Radiological Protection Board (1992) in 
their publication, give advice on dose reduction for CT practice, such as reducing the 
number of slices and the use of optimal exposure factors. 
The traditional use of lead shields is effective for protecting critical organs and 
tissues of patients from scattered radiation in CT studies. Beaconsfield et al. (1998) 
show, in their study with phantoms, that with lead protection the thyroid and the breast 
doses are reduced by 45% and 76% respectively. Price et al. (1999) found a 77-93% 
testes dose reduction using TL dosemeters in three abdominal CT scans on a phantom 
with a male gonad shield. Recently, bismuth latex shields have been introduced into the 
market, which could reduce patient dose from the direct beam in CT studies. Hopper et 
al. (1997) performed a detailed study to measure the radiation dose reduction to the 
breast using a radio-protective bismuth latex shield. Results showed that this procedure 
saved on average 57% of the radiation dose to the breast from thoracic CT, decreasing 
the radiation dose from an average of 22 mGy to 10 mGy. 
This radio-protective bismuth latex (trade name as "AttenuRad") is also available 
in the form of eye-shields (with a4 ply-thickness of 1.15 mm) for lens dose reduction in 
CT brain studies. The manufacturer (F &L Medical Products, Vandergrift, U. S. A. ) 
claims a lens dose reduction of 40% in the orbit in CT scans with the application of this 
bismuth eye-shield without any loss of image quality. This dose reduction is remarkable 
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and certainly beneficial to patients. This present study proposes to perform an assessment 
of the lens dose reduction with the application of this eye-shield in routine brain CT 
studies to validate the dose reduction claimed by the vendor and to evaluate any effects 
on image quality. A phantom study with T. L. dosemeters is most appropriate for this 
study since additional patient exposure would be needed in a real patient study in order 
to compare the dose with and without the eye-shield, which is unethical. Using a 
phantom the T. L. dosemeters are conveniently put on the "eyes" for lens dose 
measurements. 
High radiation dose to the lens may have the deterministic effect of causing lens 
opacification, impairing vision after some delay above the threshold dose of about 2-10 
Gy (ICRP 60, p. 15). This has caused some concern for radiation protection of the lens 
for patients undergoing CT brain studies, and also for staff involved in high dose 
interventional fluoroscopic procedures. Pratt and Shaw (1993) studied the factors 
affecting the radiation dose to the lens of the eye during cardiac catheterization 
procedures, in order to recommend methods for dose reduction. A Spanish interventional 
radiology laboratory reported that radiation doses received by the lens of the eye of two 
radiologists were estimated to range from 450 to 900 mGy per year; these had caused 
lens injuries due to improper radiation protection of the eye during fluoroscopy (Vaflö et 
al. 1998). 
Dose to the lens arising during CT brain studies varies considerably. Smith and 
Shah show in their study that lens dose varied by as much as a factor of 16 in CT brain 
imaging in the Hunter Valley region of Australia. MaceLennan and Hadley (1995) report 
a mean lens dose of 5.1 mGy in CT brain studies at their neuro-radiology department in 
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Glasgow while Bernhardt et al. (1998) measured lens doses between 11.8 and 13.8 mGy 
for CT scanning of the para-nasal sinuses at their radiology department in Magdeburg, 
Germany. 
The objectives of this study are to: 
1. quantify the lens dose reduction with the use of a bismuth eye-shield in 
routine CT brain examinations, and 
2. to evaluate the effect of eye-shield application on the image quality. 
8.3 MATERIALS AND METHOD 
This research was performed at the Department of Radiology of the Ruttonjee 
Hospital, Hong Kong. The CT unit (Hi-speed Advantage GE Medical System, 
Milwaukee, Wisconsin, USA) which was installed in 1994, two anthropomorphic Rando 
head phantoms (Radiology Support Devices Inc., Long Beach USA) and some high 
sensitivity T. L. dosemeters of LiF: Mg, Cu, P for dose measurements were used for this 
study. Readout of the exposed T. L. dosemeters was performed with the use of a T. L. D. 
reader system (Rialto, NE Technology, Reading, U. K) which was installed in the 
Radiation Physics Laboratory of the Hong Kong Polytechnic University in 1994. Figures 
8.1(A) and 8.1(B) show the CT unit and the two head phantoms that were used in this 
study. The T. L. dosemeters were supplied by Bicron-Harshaw Co. (Solon, OH USA) in 
the form of sintered disc-shaped pellets of dimensions 4.5 mm diameter and 0.9 mm 
thickness. 
A new batch of these TLDs was initialised with an external oven (Thermolyne 
Furnace 47900) using the method which was described in chapter 5 (p. 97-98). The T. L. 
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reader for these high sensitivity T. L. dosemeters was set to a heating rate of 12 °C s1 to 
preheat at 135 °C for 8 seconds, followed by readout for 19 seconds at 240 °C. Fifty T. L. 
pellets were selected from the initialised batch, all with sensitivity lying within 5% of the 
mean response 
Calibration was performed at the Radiation Physics and X-ray Laboratory of the 
Hong Kong Polytechnic University. An air ionisation chamber (MDH 2025 RadCal) 
which was described in chapter 5 (p. 97) with a volume of 3 cm3 was used for calibration 
of T. L. dosemeters at the X-ray energy used in this study. For calibration, 10 of this 
batch of high sensitivity T. L. pellets were exposed in free air at the same level and 
location along with the 3 cm3 air-filled ion chamber using the general purpose X-ray unit 
(Toshiba) set to 140 kVp. The calibration factor was calculated after readout. The relative 
sensitivity of these T. L. dosemeters was determined and individual calibration factors 
were calculated. Dose readings from these individually calibrated T. L. dosemeters were 
estimated to be reliable within ±10%. The measured air dose was converted to tissue 
dose using a conversion factor of 1.06; this is the ratio of the mass-energy absorption 
coefficients of soft tissue and air over the range of photon energies used (Jones et al. 
1986 p. 7-8; 17). The Toshiba X-ray unit described in chapter 5 was used for the 
calibration of the TLDs. 
One of the two head phantoms was used initially and this was placed on the 
couch in a normal routine CT brain position with the "patient head in gantry first " 
orientation. For each set of axial scans, 5 T. L. dosemeters were put on the surface of each 
eye of the head phantom for lens dose measurements. A routine CT brain protocol was 
applied to scan the phantom head with and then without the application of a bismuth 
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latex eye-shield. Figure 8.1 (C) shows the T. L. dosemeters placed on both eyes of the 
head phantom for lens dose measurements and figure 8.1(D) shows the latex eye-shield 
applied in position. Figure 8.2a shows the head phantom positioned in the CT gantry 
ready for a scan. After scanning, image analysis was then performed to show the effect 
of the bismuth shield on CT image quality. A region of interest (ROI) was drawn on each 
displayed slice (totalling 15 slices in each set of axial scans) at selected sites of the brain 
tissue to check the CT numbers. The CT numbers of corresponding sites for the two scan 
sets (one set with and the other set without eye-shield application) were compared. 
A lateral scout scan was performed with 120 kV, and 40 mA exposure 
parameters. Axial scans were performed in two ranges with the first one starting from the 
base of skull to EOP (external occipital protuberance) with 3 mm thickness and 10 mm 
spacing and then the next from EOP to vertex with 10 mm thickness and 10 mm spacing. 
The gantry was tilted so that the CT X-ray beam was parallel to the orbital-meatal (OM) 
line of the head phantom. Exposure parameters used were set at 140 kVp 170 mA and 
120 kVp 170 mA for the lower and upper ranges respectively. A matrix size of 512 x 512 
was used with the standard reconstruction algorithm, a 25 cm standard field of view 
(SFOV) and an exposure time of 2 seconds for each slice acquisition. 
8.4 RESULTS 
Figure 8.2 (B) shows the lateral scout view of the head of the phantom and figure 
8.2 (C) shows the axial slice of the head phantom through the orbit and its position on 
the CT couch. Figure 8.2 (D) shows axial scans at a slice through the orbit, the scan on 
the left without and the one on the right with the eye-shield applied. The 5 T. L. 
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dosemeters are clearly visible on each eye in the scan without the eye-shield whereas 
they are not visible in the scan without eye-shield, but streak artefacts are visible at 
regions close to and beneath the eye-shield. 
Table 8.1 compares the mean lens dose for both right and left eyes with and 
without bismuth latex eye-shield application. Results in table 8.1 show that there is a 
statistically significant difference between mean lens doses in CT scanning with and 
without eye-shields (paired t-test, t=24.8 p=000). A mean lens dose reduction of 57 % 
from 23.7 ± 0.8 mGy to 10.1 ± 0.4 mGy was achieved with the application of the eye- 
shield. The "SPSS Statistical Software (Ver. 9.0)" has been used for all the statistical 
tests performed in this study. With no eye-shield, the right lens dose is significantly 
higher than that of the left side by about 19% (pair t-test: t=3.13, p=0.035). For the 
scan with eye-shield applied, the right lens dose is still 16% higher, although not 
reaching quite the same degree of significance (pair t-test: t=2.506, p=0.066). This 
discrepancy of lens dose between left and right side is discussed in the next section. 
Table 8.2 shows the comparison of CT numbers at various corresponding sites of 
the brain from the two sets of axial scans (with and without eye-shield application). 
There is an average increase of CT number of 8.6 H at brain tissue sites under the eye- 
shield (slices 1-7) and an average decrease of CT number of 0.6 H is observed at sites 
beyond the eye-shield shadow (slices 8-15); this difference in CT numbers between these 
two groups (under and beyond eye-shield) is statistically significant (independent t-test , 
t= -5.455 p=0.01). Figures 8.3(A) to 8.3(D) show some of the images of the axial 
slices for the CT numbers analysis for scans with and without the eye-shield. 
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Figure 8.1 A: The CT unit (GE Med. Hi-speed Advantage) at the Ruttonjee Hospital. 
B: Two anthropomorphic Rando head phantoms. 
C: T. L. dosemeters placed on the eye surfaces of head phantom. 
D: Eye-shield applied to cover both eyes before axial CT scan 
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Figure 8.2 A: The Rando head phantom positioned in the CT gantry 
B: Lateral scout view of the Rando head phantom 
C: Axial slice of head phantom showing it in relation to the CT couch. 
D: Axial slices through the orbit without (left) and with (right) eye-shield. 
The 10 T. L. dosemeters are visible on the eye surface (in left slice) 
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Figure 8.3 A to D are selected axial slices of the head phantom at different levels 
from the skull base to the vertex with (lower images) and without the eye- 
shield (upper images) in each figure. Regions of interest (marked by red 
circles) are drawn on brain tissues in each slice (total 15 slices) and CT 
numbers were compared at corresponding sites. 
CHAPTER 8: APPLICATION STUDY (IV) LENS DOSE IN C'T BRAIN EXAMINATION 172 
Table 8.1 Comparison of Lens Doses in CT brain scans w% ith and \\ ithout eye-shield. 
No Eye- 
Shield 
T. L. 
Detector 
Right Lens Dose 
/rGy 
T. L. 
Detector 
Left Lens Dose 
/m(; y 
Combined 
Mean Dose 
/m(: y 
(L+It) 
I 23.8 6 22.5 
2 25.3 7 21.4 
3 25.1 8 23.8 
4 26.5 9 20.2 
5 28 10 20.1 
S. D. 1.6 1.6 
Mean ±o', 25.7 ± 0.7 21.6 a 0.7 23.74-0.8 
With Eye- 
Shield 
T. L. 
Detector 
Right Lens Dose 
/mGy 
T. L. 
Detector 
Left Lens Dose 
/m("), 
Combined 
Mean Dose 
/ mGy 
(L+R) 
11 10.3 16 9.2 
12 9.9 17 9.3 
13 10.6 18 10.2 
14 11.6 19 9.8 
15 12.1 20 8.3 
S. D. 0.9 0.7 
Mean ±ß,,, 10.9 ± 0.4 9.36±0.3 10.1 ±0.4 
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Table 8.2 Comparison of tflC CT numbers of the brain tissues in the 15 slices of the 
brain scan for scanning of with and without cvc-shield. 
Slice number CT number /H 
No eye-shield 
(A) 
CT number /II 
With eye-shield 
(1; ) 
("I' number / 11 
Difference 
(A) - (11) 
1 -19.7 -6 -13.7 
2 -13.1 -0.5 -12.6 
3 -22.4 -13.4 -9 
4 -2.4 -1.3 -1.1 
5 -14.5 -4.7 -9.8 
6 -5.6 2.4 -h 
7 -14.8 -8.8 -6 
8 -12.2 -1I -1.2 
9 -25 -27.5 2.5 
10 -3.9 -5.3 1.4 
11 -4.4 -3.7 -0.7 
12 -19 -18.6 -0.4 
13 -2.2 -1.5 -0.7 
14 6.5 3.7 2.8 
15 4.3 3.1 1.2 
NB: The first 7 (1 to 7) slices it-ere images obtained with the CT X-ray beam 
passing through the eye-shield and the next 8 (8-15) slices were images 
obtained with the CT X-rnv beam outside the eye-shield. 
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8.5 DISCUSSION 
It is interesting to note that the average lens doses received both with and without 
the bismuth eye-shield on the right side are higher than those received by the left side. In 
order to test this observation further, the whole experiment was repeated with the head of 
the phantom put in the gantry in the reverse orientation ("feet first" gantry orientation). 
The result from this repeat study with no eye-shield applied shows a similar pattern with 
the dose received by the right side lens greater than that of the left side by over 20%. 
Then a second head phantom was used and the whole procedure was repeated with the 
"head first" orientation without the eye-shield. These results also showed that the left 
side received a lens dose that is higher than that received by the right side by over 20%. 
A likely cause of this dose discrepancy is that the head phantom is composed of slabs of 
tissue equivalent material, and even though these are tightly fixed together small air gaps 
may exist between them. Thus the T. L. dosemeters on the eyes may receive a higher 
dose if the beam of X-rays passes through such an air-gap between the slabs in one or 
two specific scans. 
This study has shown that the overall mean lens dose is reduced remarkably from 
23.7 mGy to 10.1 mGy with the bismuth eye-shield applied in a CT brain study. Hopper 
et al. (1997) made a preliminary study on lens dose reduction with the use of this 
bismuth eye-shield. They claimed a lens dose of 25.6 mGy being reduced to 15.4 mGy 
(40%) in their study. As discussed in the introduction, previous studies have shown that 
the lens doses received in CT brain studies vary alarmingly by a factor of 16.2 (Smith 
and Shah 1998) and every effort should be made to improve this situation for the benefit 
of patients. Dose reduction in CT examinations has always been a less than simple task 
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since it is difficult to find a satisfactory means for reducing dose without compromising 
other aspects of the achieved image quality, such as spatial and contrast resolution 
(Seeram 1994 p. 228). Modification of the scanning technique may be a way to achieve 
dose reduction in CT without compromising the diagnostic image quality. Yeoman et al. 
(1992), using a gantry angulated X-ray beam to avoid it passing through the eyes for CT 
brain studies, achieved a dose reduction of 87% and they concluded that a potential 
exists for a reduction in lens dose after reappraisal of the radiology practice in CT. 
This study has shown an overall lens dose reduction of a remarkable 57% with 
the application of a bismuth eye-shield. This is certainly a great benefit to the patient 
from the dose perspective. However this good dose saving is not achieved without 
compromising other aspects. Observable mild artefacts due to the presence of the eye- 
shield in some image slices may affect the accuracy of diagnosis if this region around the 
orbit is the site of interest for any suspected pathologies. Added to this, as shown in table 
8.2, there is statistically significant difference in the average CT numbers of brain tissue 
between regions below and beyond the eye-shield. There is an average increase in CT 
number of 8.6 H for brain tissues beneath the eye-shield. This change in CT number 
might slightly affect the diagnosis since the CT number in any ROI in the image slice 
represents the type of tissue/material present. Local radiologists were consulted to find 
their reaction to the use of this bismuth eye-shield in CT brain studies. Their view was 
that, as long as they are informed and aware of this change in the CT number of tissue in 
the region beneath the eye-shield, this slight increase in CT number would not affect 
their diagnosis. The mild streak artefacts would only affect diagnosis of traumatic 
emergency patients when injury sites are not known, and in cases requiring detailed 
orbital CT scans. The results of this study have been accepted and endorsed in the 
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departmental guidelines of the Radiology Department of the Ruttonjee Hospital, so that 
except for all traumatic / emergency patients and cases of suspected orbital lesions, 
bismuth eye-shields will need to be applied for all patients in routine CT brain studies. 
8.6 CONCLUSIONS 
This study with an anthropomorphic head phantom has shown a statistically 
significant difference between the combined mean lens dose in routine CT brain scans 
with and without eye-shield application (paired t-test: t=24.8, p=000). There is a 57 % 
lens dose reduction from 23.7 ± 0.8 mGy to 10.1 ± 0.4 mGy with the application of a 
bismuth eye-shield . 
Some mild artefacts under the eye-shield were observed in the images in the 
region beneath the eye-shield. There is an average increase of CT number of 8.6 H at 
brain tissue sites underneath the eye-shield and little change of CT number is observed at 
sites outside the eye-shield shadow. 
The use of bismuth eye-shields can significantly reduce lens dose in a CT brain 
examination with only slight loss of image quality and a minor change of CT number of 
brain tissue at sites underneath the eye-shield. The application of such eye-shields is 
recommended for all non-trauma patients, and cases that are not suspected of having 
orbital pathologies, in which CT brain scans are requested. 
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CHAPTER 9 APPLICATION STUDY (V) 
FOETAL DOSE MEASUREMENT 
9.1 TITLE OF STUDY 
Foetal dose of early pregnant patient undertaking high dose diagnostic 
radiological examinations. 
9.2 SUMMARY 
High radiation dose to a pregnant patient may cause foetal abnormalities, mental 
retardation and induction of cancer to the next generation. International and national 
guidelines have been drawn up to safeguard potentially pregnant patients from 
unnecessary radiological procedures. The National Radiological Protection Board 
(NRPB) made the most recent recommendations in 1997 on exposure to ionising 
radiation during pregnancy with knowledge of the latest research data. According to this 
report, there may be a need to "return to the old ten day rule" for some high dose (tens of 
mGy) radiological procedures. In view of this, in late 1999, the Chief Executive of the 
Hospital Authority in Hong Kong issued a circular to all radiology departments, urging 
them to set up local guidelines based on the advice from the NRPB. The Chief of Service 
at the Radiology Department of the United Christian Hospital liased with the author and 
decided to perform a foetal (uterine) dose evaluation study for high dose radiological 
examinations in that department before setting up appropriate guidelines. 
A dosimetric study was then carried out there using an anthropomorphic (Rando) 
phantom and some high sensitivity T. L. dosemeters of LiF: Mg, Cu, P. This evaluated the 
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foetal (uterine) dose received during high risk radiological examinations of abdominal 
regions, which are expected to result in a high foetal dose to the early pregnant patient. 
Examinations investigated included CT of the pelvis and abdomen, lumbar spine 
radiography, intravenous urograpghy and Ba enema fluoroscopy. Results showed lower 
measured foetal doses than published data, and CT pelvis examination was found to 
deliver the highest foetal dose of 26 ± 0.38 mGy in a two series scan (non-contrast and 
contrast). For other examinations, the measured foetal doses were lower and all less than 
10 mGy. These dose data have now been utilised by the Department to set up special 
guidelines to handle X-ray requests of high-risk radiological examinations from female 
patients of reproductive age. 
9.3 INTRODUCTION 
Radiation dose received by patients in all diagnostic radiological 
procedures has always been a great a concern due to the stochastic and deterministic 
effects of ionising radiations (ICRP 26, p. 2-14 1977, ICRP 60, p. 12-23 1991). The 
ALARA (as low as reasonably achievable) principle in radiological procedures has been 
strongly advocated in ICRP report 26 (1977, p. 2) and further reinforced in ICRP 60 
(1991, p. 71). Exposure of pregnant women is of special concern in diagnostic 
radiological examinations. High radiation doses (>1Gy) may cause deterministic effects 
on the foetus, such as foetal malformation and impairment of mental development, plus 
the stochastic effects of heritable disease and cancer induction (Bushong 1998 p. 38). 
Most women are not aware that they are pregnant during the earliest stage of pregnancy, 
which means that exposure of the abdominal region of a potentially pregnant woman is 
of particular significance (Statkiewiez-Sherer et al. 1998). ICRP report 16 (1970, p. 14) 
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proposed the ten-day rule to minimise the potential irradiation of the foetus in early 
pregnancy in any radiological procedures. This rule is based on the low degree of 
probability that a woman would be pregnant during the first ten days after the onset of 
menstruation. Therefore any abdominal X-ray examinations can be made within this 
period, or if this period is past, should be postponed until sometime during the first ten 
days after the onset of the next menstrual cycle, unless the results of the examination are 
important in connection with an immediate illness. This ten-day rule had been practised 
in the U. K. for many years even though some radiologists found it difficult to manage 
and it has been argued that this rule was too restrictive (Russell1985). 
In 1985, the NRPB issued the document ASP8 to advise on the diagnostic 
exposure of women who are, or who may be, pregnant. This advice, based on the then 
current research data, suggested that there would be no risk to the conceptus following 
irradiation during the first ten days of the menstrual cycle and that subsequent risks in the 
remainder of the four week period would be likely to be small, so that no special 
limitation on exposure was required. This is sometimes known as the-28 day rule (NRPB 
1985). This rule was practised for some years until, in 1993, the NRPB (1993) published 
further advice to replace ASPS. This document, supported by more recent dose data since 
1985, suggested that risks in the interval between ten days and the date at which the next 
menstrual period is due, although still very small for most diagnostic procedures, may be 
significant for higher dose procedures. Consequently, it is considered there is a need to 
operate a modified policy for such higher dose procedures. (NRPB 1993). Four years 
later, the NRPB (1997), after considering the most up to date data on doses obtained in 
the U. K., published a concise, user-friendly practical guide on "advice on exposure to 
ionising radiation during pregnancy". According to this report, there may be a need for 
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"a limited return to the old ten day rule" for some high dose (tens of mGy) radiological 
procedures. 
In view of this, in late 1999, the Chief Executive of the Hospital Authority, Hong 
Kong, issued a circular to all radiology departments, urging them to set up local 
guidelines based on the advice from the NRPB. The Chief of Service at the Radiology 
Department of the United Christian Hospital contacted the author who decided to 
perform a foetal (uterine) dose evaluation study for the high dose radiological 
examinations in the department before appropriate guidelines were issued. This was 
necessary since the foetal doses published in the NRPB (1997) document from 
conventional X-ray examinations were based on the results of dose surveys from 1985 up 
to 1995 (Hart et al. 1996), whereas those from CT examinations were based on dose data 
up to 1991 (Shrimpton et al. 1991). Moreover, these are all mean dose figures and the 
maximum dose for a given procedure may be greater than the mean by a factor between 
two and ten (NRPB 1993 p. 12). The local X-ray units and imaging equipment are quite 
modem since this is a relatively new hospital and the technique (exposure and protocol) 
may be different, which will also affect the foetal dose data. The results from this study 
apart from helping to set up local guidelines will also provide useful immediate 
information on the foetal dose in cases of accidental irradiation of early pregnant 
patients. In early pregnancy, the foetal dose could be assumed to be equal to the uterine 
dose (NRPB 1997 p. 7). 
The objectives of this study were to measure foetal doses using an 
anthropomorphic body phantom in the following high dose procedures. 
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1. Conventional radiographic examinations of pelvis, abdomen and lumbo-sacral 
spine; and intravenous urography (using general purpose X-ray units) 
2. Barium enema fluoroscopy. 
3. CT studies of the abdomen and pelvis. 
9.4 MATERIALS AND METHOD 
Foetal dose measurements were performed at the Radiology Department of the 
United Christian Hospital using three separate imaging units: the general purpose X-ray 
unit (Philips Diagnost-76-Plus, medium frequency generator unit), the fluoroscopic unit 
(Philips, Super-80-CP) and the CT unit (GE High-speed Advantage). Like most organ 
doses, foetal dose cannot be measured directly; it must be estimated. Such estimates are 
usually obtained from phantom measurements or computer-generated simulations 
(Statkiewicz et al. 1998 p. 172). An anthropomorphic (Rando) body phantom was used in 
this study to simulate the patient. The structure of this phantom has been described in 
chapter 2, section 2.12. A new batch (50 pieces) of high sensitivity LiF: Mg, Cu, P T. L 
dosemeters were placed at a pre-determined foetal site to measure the radiation absorbed 
dose by the foetus for the various high dose radiological examinations. 
Dose measuring system 
The readout of the exposed T. L. dosemeters were performed with the use of the 
TLD reader system (Rialto, NE Technology, Reading, U. K) installed in the Radiation 
Physics Laboratory at HKPU since 1994. The T. L. dosemeters were supplied by Bicron- 
Harshaw Co. (Solon, OH USA) in the form of sintered disc-shaped pellets of dimensions 
4.5 mm diameter and 0.9 mm thickness. A new batch of these TLDs was initialised with 
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an external oven (Thermolyne Furnace 47900) using the method which was described in 
chapter 5 (p. 97-98). The T. L. reader for these high sensitivity T. L. dosemeters was set to 
a heating rate of 12 °C s' to preheat at 135 °C for 8 seconds, followed by readout for 19 
seconds at 240 °C. Fifty T. L. pellets were selected from the initialised batch, all with 
sensitivity lying within 5% of the mean response. Calibration of T. L. dosenmeters was 
performed in the HKPU Radiation Physics and X-ray Laboratory. The method of 
calibration was the same as that described in Chapter 5 (p. 98). 
Estimation of the foetus position 
The average dose to the non-pregnant uterus (i. e. before its size and shape 
changes significantly) is a good approximation to the dose to the embryo/foetus (Osei 
and Faulkner 1999, NRPB 1997 p. 7). The initial step of this study was to determine the 
normal position of the uterus so that T. L. dosemeters could be inserted for foetal dose 
measurement. The uterus is a hollow, thick-walled muscular organ, normally situated in 
the lesser pelvis between the bladder and rectum. It is movable and its position varies 
with the distention of the bladder and rectum (Williams et al. 1995 p. 1869). From 
surface anatomy, the uterus in an adult female lies behind and above the bladder. When 
the bladder is empty, the uterus projects only a short distance above the pubis. 
(Backhouse and Hutchingsl998 p. 106). In cross-section, the fundas of the uterus is 
situated at S3-4 level posterior and below fundas of the bladder (Ellis et al. 1999 p. 176). 
This information supports the choice of the uterus/foetus site in the Rando body phantom 
at slice number 30 in the midline 15 cm from the skin surface. This position is illustrated 
in both figures 9. IA and 9.1B. Figure 9.1A is a radiograph of the pelvis of the Random 
phantom and the foetal site (marked by yellow arrow) is located in the midline at slice 
number 30. Figure 9.1B is a CT slice of the pelvis of the phantom at slice number 30 and 
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the foetus/uterus location is assumed to be in the midline 15 cm from the skin surface as 
indicated by the white arrow. This is the location of the hole (3rd hole counting from the 
top) into which LiF: Mg, Cu, P T. L. dosemeters were inserted for dose measurements. 
Dose measurement Procedure 
For radiographic examinations using the general purpose X-ray unit, the 
examinations investigated included the coned view of both kidneys, coned view of the 
urinary bladder, KUB (single view covering kidney, ureter and bladder) view, pelvis and 
lumbo-sacral spine (4 views: A. P. and Lateral of the lumbar spine and Lumbo-sacral 
joint). Figures 9.2 A-D show the radiographs of the 4 projections taken of the lumbo- 
sacral spine. The foetal dose from IVU (intravenous urography) was taken from the total 
dose of 2 KUBs, 3 coned kidneys and 1 coned bladder projection. The exposure 
parameters used were the mean values (used for the average size patient) from the 
exposure chart in the imaging room for the various radiographic projections with the 
normal collimated X-ray beam sizes. 5 T. L. dosemeters were inserted at the foetal site of 
the phantom for exposure and these were removed after the completion of the exposure/s 
comprising the particular examination. For Ba enema fluoroscopic examination, the 
phantom was set up for screening (fluoroscopy), centring over slice number 29 and at the 
midline of the phantom for 2.5 minutes, which was the mean screening time from 80 
current Ba enema examination statistics. Exposures were also made for under-couch and 
over-couch radiography using the routine protocol and mean exposure parameters and 
the normal X-ray beam collimation . Figure 9.3A shows the Philips 
fluoroscopic unit 
with the Rando body phantom placed on the couch and Figure 9.3B shows a radiograph 
of the pelvis of the phantom taken from the under-couch X-ray tube. 
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A 
B 
Fig. 9.1 Foetus location. Fig. 9.1A is the A. P. radiograph of the pelvis with the foetal 
site indicated by the yellow arrow (slice no. 30). The white metal pointer was put on the 
surface of the phantom to indicate the centre of the X-ray beam. Fig. 9.1 B is the CT 
sectional image at slice no. 30 of the phantom; yellow arrow indicates the foetal site. 
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A 
C 
B 
D 
Fig. 9.2 A-D are radiographs showing the four routine Lumbo-sacral (L/S) spine 
projections taken for Lateral and A. P. views of the lumbar spine. and coned L/S joint 
views respectively 
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For CT examinations, the abdomen and pelvis CT scans were performed using 
the normal scanning protocols of the C. T. unit operating in the helical mode with 10 mm 
collimation slice thickness. Figure 9.4 shows the Rando phantom placed on the couch in 
the gantry of the CT unit. For each of the pelvis and abdomen scans, dose was measured 
for two series of non-contrast and contrast (with contrast media) scans as practised 
routinely for most patients. Figures 9.5 A-D show the CT scout views for the abdomen 
and pelvis in the AP and lateral projections respectively. 
9.5 RESULTS 
Tables 9.1a, 9.2a and 9.3 show the results for the measured foetal doses and the 
exposure parameters used for the various high dose radiological examinations using the 
general purpose X-ray, fluoroscopy and CT units respectively. Table 9.1b and 9.2b show 
the exposure parameters for the general and fluoroscopic radiography projections 
respectively. From the data in table 9.1a, the foetal dose for IVU is found to be 1.5 ± 
0.03 mGy, calculated by adding together the foetal doses for 3 coned kidney views, 2 
KUB view and 1 coned bladder view. These views are routinely performed in the IVU 
examination. 
Error estimation (taken as the square root of the sum of the squares of all 
individual errors) is adopted from the error propagation method described by Knoll 
(1989). The measured foetal dose for L/S spine examination is 2.2 ± 0.014 mGy which 
resulted from the total continuous exposure of the 4 routine projections (AP & Lat 
Lumbar and Coned LS joint) for this examination. As shown in table 9.2 the total foetal 
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I 
A B 
Fig. 9.3 Fig 9.3A shows the Rando body phantom on the X-Ray couch of the 
Philips Fluoroscopic Unit and fig. 9.. 3B is a radiograph of the pelvis of the phantom 
taken by the under-couch X-ray tube of the Fluoroscopv Unit. The needle shown points 
at slice no. 30 of the body phantom, where the foetus is located. 
I 
i 
Fig 9.4 The CT Unit (GE Hi-speed Advantage) and the Rando phantom. 
CHAPTER 9: APPLICATION STUDY (V) FOETAL DOSE MEASUREMENT 188 
A 
C 
B 
D 
Fig. 9.5 A-D are the scout views of the CT abdomen and pelvis in the A. P. and Lateral 
projections respectively. 
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dose for a Ba enema examination is found to be 5.24 ± 0.06 ni iy. This total dose is 
calculated by adding up all the different parts of the examinatioli, assuming the average 
screening time of 2.5 minutes and the exposure of the number of X-ray projections 
shown taken for different parts. From table 9.3 the I etal doses measured tier ("I 
abdomen and pelvis are 1.6 ± 0.47 mGy and 26 ± 0.38 m(y respectively. 
Table 9.1a Foetal Dose for high dose radiographic examination using the general 
purpose X-ray unit. 
Foetal Dose/ Gy Mean 
Examination/View 1 2 3 4 5 
Foetal 
Dose / 
mGy SI) C7 
Pelvis 0.51 0.42 0.48 0.52 0.47 0.48 0.039 0.018 
KUB 0.51 0.47 0.48 0.56 0.43 0.49 0.048 0.022 
Coned Kidney 0.047 0.049 0.057 0.046 0.051 0.05 0.004 0.002 
Coned bladder 0.362 0.371 0.369 0.376 0.372 0.37 0.005 0.002 
L/S Spine 2.21 2.17 2.25 2.18 2.19 2.2 0.032 0.014 
Total foetal dose for IVU = 1.5 ± 0.03 mGy 
N. B.: Foetal dose for IVU is calculated by adding the facial doses. for 3 coned kidney 
views, 2 KUB views and 1 coned bladder. The foelal dose. for L/S spine examination is 
the total dose resulting from the total exposure of the 4 projections (AP & Lai Lumbar 
and Coned L/S joint) 
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Table 9.1 b Exposure parameters for high dose radiographic examinations using 
the general purpose X-ray unit. 
Examination / View 
Exposure parameters 
kV mAs 
Pelvis 73 21.3 
KUB 73 19.7 
Coned Kidney 73 25.3 
Coned bladder 73 25.2 
L/S Spine (with öllowin 4 vietits) 
P. Lumbar 77 26.3 
ConedA. P. L/. S Joint. 77 31.5 
Lateral Lumbar 90 42.1 
Coned Lat. L/S Joint 90 78.9 
Table 9.2a Foetal Dose for Fluoroscopy (I3a Enema). 
Foetal Dose/ rGv 
Examination 1 2 3 4 5 
Mean 
Foetal 
Dose /mGy SI) cs,,, 
Screening Dose 2.57 2.52 2.68 2.72 2.86 2.67 0.133 0.060 
Under-couch Views (6) 0.681 0.692 0.71 0.705 0.692 0.696 0.012 0.005 
Over-couch Views 4 1.12 1.18 1.13 1.16 1.11 1.14 0.029 0.01 
Prone Caudal View 0.321 0.328 0.305 0.317 0.305 0.3152 0.010 0.005 
Lat. Rectum View 0.42 0.422 0.41 0.409 0.429 0.418 0.008 0.004 
Total dose for Ba enema study = 5.24 ± 0.06 mGy 
N. B. The total dose is calculated from adding all the different parts of the examination, 
assuming the average screening time of 2.5 minutes and the exposure n/ the shoirn 
number ofX-ray projections taken for different parts. 
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Table 9.21) Fxposure parameters tör different parts of the Ra enema fluoroscopic 
examinations. 
E. osure parameters 
Examination/View kV m As 
Screening 110 0.2- 0.3 mit tier ý. ý nun 
Under-couch Views 90 Z 
Over-couch Views 90 S 
Prone Caudal View 102 12 
Lat. Rectum View 85 40 
Table 9.3 Foetal Dose for CT Abdomen and Pelvis. 
Foetal Dose/ mGý Mean 
Examination 1 2 3 4 5 
Foetal 
Dose /mCv SI) a,,, 
bdomen 1.71 1.56 1.62 1.67 1.44 1.6 0.106 0.047 
Pelvis 27.1 26.1 25.7 24.8 26.3 26 0.843 0.377 
N. B.: 120 kVp was used for both examinations, 120 mA and 200 mA were l sed r, r 1{1(w 
abdomen and pelvis respectively. 
9.6 DISCUSSION 
The foetal doses measured in this study for various high dose radiological 
procedures are in general lower than those published in the NRPE guidance report 
(NRPB 1997). Table 9.4 compares the foetal doses from this study with those published 
in the NRPB guidelines report. The method of foetal dose measurements adopted by the 
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NRPR is different fromm that used in this study which is by direct insertion of T. L. 
dosemeters at the foetal site inside human tissue-equivalent phantom using the routine 
protocol (number of projections taken) and average exposure parameters. 'I he NRPI 
used indirect methods, measuring entrance skin doses (FSDs) or dou-area products 
(DAPs) from a large population of real patients undergoing; radiological examinations. 
these external dose measurements were then extrapolated to foetal/uterine doses using 
conversion factors derived from Monte Carlo simulations. 
Table 9.4 Comparisons of foetal doses following common high dose diagnostic 
radiological procedures (NRPB versus this study). 
Examination 
/ Procedure 
Mean Foetal dose 
/mGy (NRPB) 
Maximum Foetal 
Dose/mGv (NRPB) 
Foetal (lose 
/mCv (this study) 
Pelvis 1.1 4 0.48 
Lumbar Spine 1.7 10 2.? ' 
Ba enema 6.8 24 5.24 
IVU 1.7 10 1.5 
bdomen CT 8 49 1.6* 
Pelvis CT 25 79 26* 
N. B. # Fourfilms protocol used (A. P. & Lateral_fbr lumbar spine and L .S juinll 
* Two series scan protocol used (non-contrast and contrast scan) and helical 
scanning technique with 1.5 mm pitch and 10 mm heam width adopted. 
As seen in this table, the NRPB maximum to mean foetal dose ratio ranges from 
about 3 to 5. This indicates the good potential for dose reduction in many centres for 
these high dose radiological procedures. The foetal dose for lumbo-sacral spine measured 
in this study is 2.2 ± 0.032 mGy, which is higher than the NRP13 dose of 1.7 mGy. ']'his 
is due to the four films (views) protocol adopted in this centre, which include the lumbo- 
sacral joint cone views whereas the NRPB doses data resulted from measurements with 
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the 2 films protocol (A. P. and Lateral views of the lumbar spine) as commonly practised 
in the U. K. 
The foetal dose for the CT abdomen obtained in this study was 1.6 ± 0.047 mGy 
which is far lower than the mean data of 8 mGy from NRPB probably due to the 
different technique adopted in this centre; here the CT beam scans the patient from the 
diaphragm to the top of the iliac crest of the pelvis, sparing the uterus from the direct X- 
ray beam. In fact the foetal doses from CT of abdomen and pelvis obtained in this study 
are the results of two series of scans in both cases (non-contrast and contrast). But the 
dose data in the NRPB report for these two examinations probably result from the single 
scan protocol (not mentioned in the report). 
This study and the NRPB report, both indicate that CT of the pelvis delivers the 
highest foetal doses, namely 25 and 26 mGy respectively, of all the radiological 
procedures investigated. The probabilities for hereditary disease or fatal cancer to the age 
of 15 years after a foetal dose of 25 mGy are 1 in 1700 and 1 in 1300 (NRPB 1997 p. 15) 
respectively which are alarming figures. Every effort should be made to minimise the 
accidental irradiation of the foetus in particular during those high dose investigations 
studied here. Based on the results from this study, the Radiology Department of the 
United Christian Hospital has issued new guidelines for the radiological examination of 
female patients of child-bearing age (Appendix C, p, 240-242). There is a return to the 
old ten-day rule for CT pelvic examination since this delivers the highest foetal dose. 
The foetal dose data obtained in this study, apart from supporting the Radiology 
Department in setting up guidelines for X-rays of female patients, will also act as a quick 
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indication to clinicians when judging the merits (medical need) of any high dose 
radiological examination against the radiation hazards. The results in this study could be 
utilised as foetal dose data following any accidental irradiation of early pregnant patients. 
However, these are local dose data that are specific to the imaging protocol and 
equipment of this centre; other radiological centres need to make similar studies for 
comparison with published data. In addition, within the centre foetal dose checks on 
phantoms is advisable whenever there is a change in the imaging protocol or equipment. 
in order to update the previous dose data. 
9.7 CONCLUSIONS 
A realistic dosimetric study was performed with the use of an anthropomorphic 
(Rando) phantom and some high sensitivity LiF: Mg, Cu, P T. L. dosemeters to evaluate 
the foetal (uterine) dose in early pregnancy received as a result of high dose radiological 
studies. Examinations investigated included CT of the pelvis and abdomen, lumbar spine 
radiography, intravenous urograpghy and Ba enema fluoroscopy. 
The results obtained are generally lower than the NRPB published foetal dose 
data. CT of the pelvis is found to deliver the highest foetal dose, 26 ± 0.38 mGy, in a two 
series scan (both non-contrast and contrast). For other examinations investigated, the 
foetal doses measured are lower, and all are less than 10 mGy. These dose data have now 
been utilised by the Radiology Department of the United Christian Hospital, Hong Kong 
to set up special guidelines to handle X-ray requests for high-risk radiological 
examinations of female patients of reproductive age. In particular the old ten-day rule 
needs to be re-applied for the high dose CT pelvic examination. 
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CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS 
10.1 AIMS ACHIEVED 
10.1.1 Development of Readout and Annealing Regime 
Dosimetric experiments have been performed with different batches of 
LiF: Mg, Cu, P T. L. dosemeters since the start of this study in 1996. From glow-curve 
studies, 5 dosimetric peaks could be identified for the LiF: Mg, Cu, P T. L. dosemeter with 
the major peak (peak 4) located at around 220°C, and satellite peaks 1,2,3 and 5 at 
lower and higher temperature sites of around 80°C, 125°C, 180° and NOT respectively. 
Post irradiation annealing (preheat) could effectively eliminate signal variations due to 
early fading of peaks I and 2. Residual signals were found to be significant being 
equivalent to approximately 7% of the original dose from a single readout without 
anneal. This could be minimised with repeated machine (internal) or external (oven) 
annealing. The number of anneals required depends on the dose level received by the 
dosemeter. 
From glow-curve studies and results from previous studies, a read-out and 
annealing regime was evolved, which was found to be reliable, reproducible and efficient 
with residual dose signals reduced to a negligible level. The protocol adopted on the T. L. 
reader was: Preheat time: 8 seconds; Preheat temperature: 135 °C; Readout time: 19 
seconds; Readout temperature: 240°C; Heating rate: 12 °C per second. 
The favoured annealing protocol was: Machine (internal) anneal at NOT for 90 
seconds, recommended for small dose levels (e. g. < 2001uGy), and for medium dose 
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levels (e. g. <2 mGy), Oven (external) anneal at 240°C for 10 minutes followed by rapid 
cooling down to room temperature by natural draught 
10.1.2 Dosimetric Characteristics 
Results from detailed experiments confirm the favourable dosimetric 
characteristics obtained in previous studies and by the manufacturers. For 10 randomly 
selected dosemeters the minimum detectable dose ranges from 0.027 to 0.11 µGy and for 
a medium radiation dose, the C. V. for batch uniformity and reproducibility are 7.3% and 
3.2 % respectively. Very good dose-response linearity was achieved with a coefficient of 
determination (R2) for linearity > 0.99 in all cases both for small and medium dose 
measurements using the oven anneal method, and also for small doses with reader 
annealing. The sensitivity of LiF: Mg, Cu, P T. L. dosemeters (pellet form) was 25.7 times 
that of the conventional LiF: Mg, Ti T. L. dosemeter. In the energy response test, the 
response for X-ray energies between 110 and 150 W. is fairly constant, but a4 to 7.9 % 
increase is found at lower energies with the highest response between 70 and 90 kVp. 
10.1.3 Effect of Number of Anneal Cycles on Initialisation 
It was found that 8 cycles of thermal treatment in the oven is adequate for reliable 
initialisation which avoids the gradual loss of sensitivity in subsequent applications 
found in T. L. dosemeters with only 3 and 5 cycles thermal treatment. No statistically 
significant fading was recorded in the short term (12-72 hrs) fading experiment. The 
laboratory background radiation test (1 hr. to 2 days) shows that this T. L. dosemeter is 
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able to confidently detect a one hour mean background radiation dose of of 0.31 µGy in 
the Radiation Physics Laboratory. 
10.1.4 Dosimetric Applications: Dose Detection from Low Level Scattered X-rays 
Dosimetric applications in lumbar spine and chest radiography described in 
chapters 4 and 5 demonstrate well the capability of detecting the low level scattered 
radiation dose (in µGy) received by critical organs which are remote from the primary 
X-ray beam. 
Chapter 5 describes an investigation of the "anode heel effect" on lumbar spine 
radiography. From the radiation intensity profile of the incident X-ray beam, the 
"cathode end" to "anode end" air dose ratio was found to be 1.8. For lumbar spine 
radiography, with the phantom head placed towards the anode end of the X-ray tube, the 
ovaries and testes received an average dose 17 % and 12 % higher respectively in the 
lateral projection, and 16% and 27% higher respectively in the AP projection, compared 
to those obtained in the reverse "patient" orientation. The thyroid, breast and lens on the 
other hand receive a very small amount of dose increase with this X-ray tube orientation. 
Chapter 6 describes the investigation of the effect of beam energy variation on 
gonad dose of patients in chest radiography. The very low level gonad doses in PA chest 
radiography were successfully measured using the high sensitivity LiF: Mg, Cu, P T. L. 
dosemeters. The effect of kVp exposure variation on gonad doses is shown in tables and 
illustrated graphically for both high and low kV techniques. With the low kVp technique, 
kVp correlates well with both ovary and testes doses and both these doses increase with 
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kVp at a rate of 2% per kVp in the range 60 to 100 kVp. With the high kVp technique, 
there is no appreciable variation of both testes and gonad doses in the range of 100 to 
150 kVp. ESDs and DAPs have shown a very significant correlation for both low and 
high kVp techniques. Measured ESDs and EDs in this study agree with UK reference 
doses. Dose comparisons with two typical exposures at 120 kVp and 70 kVp, show that 
the high kVp technique delivers a higher ESD, ovary dose, testes dose and ED by factos 
of 1.7,5.2,5.5, and 2.7 respectively. 
10.1.5 Dosimetric Applications: Dose Detection from Direct X-ray Beam 
Chapter 7,8 and 9 describe the dosimetric applications of LiF: Mg, Cu, P T. L. 
dosemeters on radiation dose detection from direct X-ray beams. 
Chapter 7 describes a study on the foetal dose comparison of two digital X-ray 
pelvimetry techniques, namely computed tomography (CT) and computed radiography 
(CR). A realistic full term maternal phantom was constructed using a Rando phantom 
fitted with water bags. Entrance, mid and exit foetal doses from CT and CR pelvimetry 
were measured and compared using high sensitivity TLD pellets of LiF: Mg, Cu, P with 
the minimum exposures required to achieve acceptable images for pelvic measurements. 
The total mean foetal dose in CT pelvimetry was 3.4 times lower than that by the CR 
technique when only AP and lateral projections were considered. When the axial slice 
was also included in the CT protocol, the total mean foetal dose was 10% higher than in 
CR pelvimetry. 
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Chapter 8 describes an investigation of lens dose reduction and change of image 
quality using a bismuth eye-shield in CT brain studies. Measurements with an 
anthropomorphic head phantom have shown a statistically significant difference between 
the total mean lens dose in a routine CT brain scan with and without eye-shield 
application. There is a 57 % lens dose reduction from 23.7 mGy to 10.1 mGy with the 
application of a bismuth eye-shield. Some mild image artifacts under the eye-shield are 
observed in the region beneath the eye-shield. There is an average increase of CT 
number of 8.6 at brain tissue sites underneath the eye-shield but very little change of CT 
number is observed at sites beyond the eye-shield shadow. 
Chapter 9 describes the measurement of foetal doses to early pregnant patients 
undergoing high dose diagnostic radiological examinations. Examinations investigated 
included CT of the pelvis and abdomen, lumbar spine radiography, intravenous 
urograpghy and Ba enema fluoroscopy. The overall results obtained are lower than the 
NRPB published foetal doses. CT of the pelvis is found to deliver the highest foetal dose 
of 26 mGy in a two series scan (both non-contrast and contrast). For other examinations 
investigated, the foetal doses measured are lower with all being less than 10 mGy. 
10.2 RECOMMENDATIONS 
10.2.1 Readout and Annealing Regime 
The protocols recommended for the readout at the T. L. reader, machine (internal) 
and oven (external) have been stated in the previous section. For larger dose levels 
received by the T. L. dosemeter, repeated anneals was found effective. The number of 
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repeats required depends on the dose level received and could be easily assessed by the 
evaluation of the residual dose at any time by a quick readout with the glow-curve 
reviewed directly on the T. L. Reader display screen. It is recommended that, to ensure 
accurate dose measurement, LiF: Mg, Cu. P T. L. dosemeters after initialisation should be 
designated for the use at specific dose levels (low, medium and high) all the time and 
the dose records are kept and traceable. 
10.2.2 Initialisation Requirement 
The experiments using T. L. pellets with 8-cycles of anneal initialisation have 
demonstrated the favourable unique dosimetric characteristics of these LiF: Mg, Cu, P T. L. 
dosemeters and, as favoured by previous researchers, that at least 8-cycles of thermal 
anneal is performed for initialisation of this dosemeter to maintain the same sensitivity 
in subsequent measurements. 
10.2.3 Dosimetric Applications 
a. Lumbar spine radiography 
The anode-heel effect can be exploited by placing the head of a female patient at 
the cathode end of the X-ray tube to achieve a significant dose reduction to the ovaries 
and hence a lower effective dose in lumbar spine radiography. Therefore patients (in 
particular females) should always be positioned with the head placed towards the 
cathode end of the X-ray tube for this radiological examination. 
CHAPTER 10: CONCLUSIONS, & RECOMMENDATIONS 201 
b. Chest radiography 
Dose comparison with two typical exposures at 120 kVp and 70 kVp, show that 
the high kVp technique delivers a higher ESD, ovary dose, testes dose. Hence, from a 
radiation protection perspective, a high kVp technique (with grid) for PA chest 
radiography is not recommended. 
c. CT and CR pelvimetry 
From the foetal dose perspective, single-view CT should always be the imaging 
modality of choice if this is available rather than CR in X-ray pelvimetry, and PA 
scanning should always be adopted. 
d. Lens dose in CT brain study 
The use of bismuth eye-shields can significantly reduce lens dose in a CT brain 
examination with only a slight loss of image quality and a minor change of CT number 
of brain tissue at sites of the underneath the eye-shields. The application of such eye- 
shields is recommended for all non-trauma patients and cases not suspected of having 
orbital pathologies, for which CT brain examinations are requested. 
e. Foetal dose of high dose X-ray studies 
The data on foetal dose from early pregnancy from this study has been utilised by 
the Radiology Department of the United Christian Hospital, Hong Kong to set up special 
guidelines to handle X-ray requests for high risk radiological examinations of female 
patients of reproductive age. The old ten-day rule needs to be reapplied for high dose CT 
pelvis examinations. 
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10.3 TECHNICAL IMPROVEMENTS AND FUTURE WORK 
Improvement in the sensitivity stability has been achieved in the manufacture of 
LiF: Mg, Cu, P T. L. dosemeters in recent years. However, the two major problems of this 
T. L. phosphor, namely high residual signal after readout and the limitation of heating 
above NOT still exist. Further research needs to be continued on the manufacturing 
process to improve the material in these two aspects. It is recommended that to ensure 
accurate dose measurement, LiF: Mg, Cu. P T. L. dosemeters after initialisation should be 
designated for use at specific dose levels (low, medium and high) all the time and that 
the dose records are kept and traceable. 
Since this material has undergone continuous development since its commercial 
introduction and dosimetric properties such as sensitivity and energy response may 
change or improve from batch to batch; therefore it is desirable to perform a quick 
dosimetric properties check when a new batch of dosemeters is received. A new 
calibration test should be performed every time immediately before or after its 
applications. For reproducible and accurate results, special attention should always be 
drawn to the importance of a consistent annealing regime, and good quality control on 
the T. L. reader and oven needs to be maintained. Technical points have been discussed at 
Section 4. fa, G on "equipment accuracy and handling techniques". Individual calibration 
of T. L. dosemeters is preferred if higher accuracy is required and time is available. It is 
essential to always calibrate the T. L. dosemeters using the same energies of radiation as 
that in the dose measurements to minimise the effect of energy response variation. 
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Since this T. L. phosphor is more than capable of detecting radiation at ItGy 
levels, it can be appropriately applied to monitor staff or patient dose in one single 
radiological procedure such as cardiac catheterisation and other interventional 
fluorocospic procedures which are the growth areas in radiology. More applications on 
paediatric patient dose monitoring are also foreseeable. As demonstrated in this study 
even a one hour background radiation dose was measurable by this detector, so this 
material will have a prominent role in environmental radiation monitoring applications in 
places such as nuclear power plants, X-ray rooms and radiation laboratories both for 
short or long term monitoring. 
The technique for the use of the LiF: Mg, Cu, P T. L. dosmeter has almost been 
optimised in this field and this material can now be regarded as a well established tool in 
radiation dosimetry. With its very favourable dosimetric characteristics of high 
sensitivity, tissue equivalence, low MDD, very good linearity over a wide dose range and 
a relatively flat energy response, its applications, in particular low-level radiation 
measurements in medicine and environment will probably grow to rival the present 
routine applications of the conventional LiF: Mg, Ti. dosemets. 
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APPENDIX C Circular fron: the Radiology Dept of the United Christian 
Hospital (3 pages) 
UNITED CHRISTIAN HO$PITAL 
rte-. VVV VVV 
. COS (Radiology) 
From ».......... UCH/RAD/2a 
Ref. ... . ... . ... . ........... 
In ... »»..................... ».. »............ ».......... 2379 4156 
Tel. No ........................................................................................ 29 May 2000 
Date ................ ................... ................ ....... .......... _............. .......... 
Your Fie(. .... »..... »»,....... ».. in ........... ».... ». »». ».. »...... »»... »» 
dated .......... ......................................... ,............... ............. 
Radioloelcal Investigation of Women of Child-bearing Aae - 
Local Guideline on the Limited Return to the 10-Day Rule 
MýM 
" Distribution. To . »» . »»».... »»... »».. »». »»» ............... »»»»».. » . »»».... »»»»... » 
1. On 16 November 1999, the Chief Executive of the Hospital Authority sent an 
operation circular (Ref: HA82012/1, titled "Radiological Investigation of Women of 
Child-bearing Age") to HCEs, Unit Heads of Hospitals/Institutions/Clinics and Medical 
Staff. 
2. The main aim of this circular is to advice clinicians to observe 'the limited return to 
the 10-day rule*' when requesting radiological examination which may deliver 'a dose 
of tens of milligrays to the conceptus*'. 
3. This is a more stringent requirement than the previous practice of merely observing 
the `28-day rule', and a table of fetal doses of common radiological examinations in UK 
recorded in 1996 is shown in point 6 of the aforesaid circular. In order to help clinicians 
in UCH to assess radiation hazard to the foetus before requesting radiological 
examinations, the Radiology Department has conducted a small scale research 
measuring radiation doses on a phantom from typical high risk radiological examination 
in UCH. The research, while using UCH radiological equipment and examination 
protocols, was done in collaboration with the Hong Kong Polytechnic University. 
4. Result of the research (attached) reveals that only CT examination of pelvis 
delivers a dose that reaches the "tens of milligrays' level for 'the limited return to the 
10-day rule'. Therefore, the Radiology Department recommends '10-day rule' be 
applied for CT pelvis examination for female patients of child-bearing age. 
5. For Nuclear Medicine Examinations, there is a table of 'procedures likely to 
deliver doses more than 10 mGy to the conceptus' in point 7 of the aforesaid circular. A 
similar list of 'high dose examinations' has been given when the Nuclear Medicine 
Subcommittee of the Hospital Authority Head Office published a 'Flow Chart Dealing 
with Female Patients of Child-bearing Age Attending NM Examinations' 
(photocopy attached). The Radiology Department will use this flow chart as a 
reference. 
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6. For any query, please contact Mr. H. S. Fung, SR, at Ext 4142. 
7. Thank you for your attention. 
* quoted fr9m original text of the circular HA: 802/2/1 
4 
Fung HS, SR 
(For COS, Radiology) 
Encl. 
Distribution 
HCE 
GM(N) 
COSs 
All Doctors (thro. COS) 
DOMs 
\VMs 
c. c. IME (Radiology) 
CSC/JF/al 
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